The ultimate load carrying capacity of single angle, single bolted connections. by Sinclair, George R.
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
7-21-1968 
The ultimate load carrying capacity of single angle, single bolted 
connections. 
George R. Sinclair 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Sinclair, George R., "The ultimate load carrying capacity of single angle, single bolted connections." 
(1968). Electronic Theses and Dissertations. 6540. 
https://scholar.uwindsor.ca/etd/6540 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 
INFORMATION TO U SERS
This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and continuing 
from left to right in equal sections with small overlaps.
ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
800-521-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
THE ULTIMATE LOAD CARRYING
CAPACITY
OF
SINGLE ANGLE, SINGLE BOLTED 
CONNECTIONS
S u b m i t t e d  i n  p a r t i a l  f u l f i l l m e n t  
o f  t h e  r e q u i r e m e n t s  f o r  t h e  
D e g re e  o f  M a s t e r  o f  A p p l i e d  S c i e n c e  
f ro m  t h e  U n i v e r s i t y  o f  W in d s o r .
By
G e o rg e  R. S i n c l a i r  
May, 1968
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number:EC52722
UMI*
UMI Microform EC52722 
Copyright 2007 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346




Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
\i
TABLE OF COHTEWTS
ACKNOWLEDGEMENTS............................................................ . . . . . . .  i
LIST OF TABLES................................................................................. ....  i i
LIST OF F I G U R E S ..................................................................................   I l l
LIST OF PHOTOGRAPHS .  .......................................................................  V
NOTATION............................................................................. ...................................  v i
CHAPTER 1 . 0  INTRODUCTION ..................................................................  1
1 . 1  SINGLE ANGLE MEMBERS . . . .  .........................  3
1 . 2  RESULTS OF PAST T E S T S .............................................  4
1 . 3  TESTS ON FLAT BARS........................................................ 5
CHAPTER 2 . 0  EXPERIMENTAL WORK........................................................  7
2 . 1  VARIABLES CONSIDERED . . . . . . . . . .  8
2 . 2  SCOPE OF INVESTIGATION  ...................................  10
2 . 3  TENSION TEST SPECIMENS  .................................... 12
2 . 4  TESTING PROCEDURES.  ..............................  13
2 . 4 . 1  SINGLE SHEAR TESTS .................................... 13
2 . 4 . 2  DOUBLE SHEAR TESTS ...................................  14
2 . 4 . 3  STRAIN GAUGED SPECIMENS ....................  15
2 . 4 . 4  DERIVATION OF YOUNGl S MODULUS . . " l 6
2 . 4 . 5  MEASUREMENT OF HOLE ELONGATION . . 1 6
CHAPTER 3 . 0  EXPERIMENTAL RESULTS...................................................  1 8
3 . 1  STRAIN GAUGED TESTS ...................................................  19
3 . 2  MEASUREMENT OF HOLE ELONGATION . . . . .  20
3 . 3  TYPES OF FAILURE............................................. ....
3 . 4  ERRATIC RESULTS........................    23
9  9 !*; 9  o o.. (t e d. ;3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
fTABLE OF CONTENTS 
(C ontinued)
CHAPTER 4 . 0  ULTIMATE LOADS AND FAILURE FORMULAE. . . .  25
4 . 1  FAILURE FORMULAE BASED ON ULTIMATE
TENSILE STRENGTH . . .  2 6
4 . 2  STATISTICAL BASIS OF FAILURE FORMULAE . . 27
4 . 3  CONFIDENCE LIMITS FOR FAILURE FORMULAE . . 29
4 . 4  RANGE OF END AND EDGE FAILURES 31
CHAPTER 5 . 0  COMPARISON OF RESULTS WITH TESTS ON
FLAT BARS . . .  32
CHAPTER 6 . 0  LIMITING BEARING VALUES............................  35
CHAPTER 7 . 0  RELATIONSHIP BETWEEN *L AND f S ........................ . 39v IX
CHAPTER 8 . 0  MULTI~BOLT CONNECTIONS .............................. . . .  4 l
CHAPTER 9 . 0  VARIATIONS IN BOLT DIAMETER  .........................  42
CHAPTER 1 0 . 0  CONCLUSIONS..................................    43
REFERENCES................................... ............................................................................  45
PHOTOGRAPHS . . . . . . . . .  ................................................................  47
F IG U R E S ...........................................................................    57
T A B L E S .....................................................................................   83
APPENDIX.. ...............................................................................................................  "93
f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENTS
The a u t h o r  w i s h e s  t o  e x t e n d  h i s  t h a n k s  f o r  a i d  and  
e n c o u r a g e m e n t  g i v e n  by Dr .  J .  B. Kennedy d u r i n g  t h e  c o u r s e  
o f  t h i s  p r o j e c t .
Thanks  a r e  a l s o  e x t e n d e d  t o  t h e  N a t i o n a l  R e s e a r c h  
C o u n c i l  o f  Canada  w h ic h  c o n t r i b u t e d  g r e a t l y  t o  t h e  f i n a n c i n g  
o f  t h i s  w ork ,  a n d  t o  D osco  I n d u s t r i e s  L i m i t e d ^  C a n a d i a n  
B r i d g e  D i v i s i o n ,  w h ic h  p r o v i d e d  t e s t  s p e c i m e n s ,  b o l t s  
an d  o t h e r  m a t e r i a l s .  C a n a d i a n  B r i d g e  a r e  a l s o  t h a n k e d  
f o r  making t h e i r  own t e s t  r e s u l t s  a v a i l a b l e .
A p p r e c i a t i o n  i s  a l s o  e x t e n d e d  t o  t h e  S t e e l  Company o f  
C a n a d a ,  H a m i l to n  a n d  t h e  Lamson & S e s s i o n s  C o . ,  C l e v e l a n d ,  
O h io ,  who s u p p l i e d  s p e c i a l  h i g h  s t r e n g t h  b o l t s .
The e f f o r t s  o f  Mr. G e o rg e  M i c h a l c z u k  o f  t h e  U n i v e r s i t y * e  
C i v i l  E n g i n e e r i n g  L a b o r a t o r y  i n  p r e p a r i n g  and  s e t t i n g  u p  
e x p e r i m e n t s  a r e  a c k n o w le d g e d  w i t h  t h a n k s .
L a s t ,  b u t  n o t  l e a s t ,  a p p r e c i a t i o n  i s  e x t e n d e d  t o  my 
w i f e  who h a s  b e e n  l e f t  w i t h  o u r  f a m i l y  o f  s i x  c h i l d r e n  on 
e n d l e s s  o c c a s i o n s ,  w h i l e  I  b u s i e d  m y s e l f  w i t h  t e s t s  and  
r e p o r t s .  I t  I s  h o p ed  t h a t  s h e  f e e l s  h e r  e f f o r t s  h a v e  
b e e n  w o r t h w h i l e .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
1 . 1  PROPERTIES OF STEELS USED IN TOWER STRUCTURES.
1 . 2  PROPERTIES OF BOLTS USED IN TOWER STRUCTURES.
3 . 1  TEST RESULTS FOR TENSION COUPONS, C .B .D .  TESTS,
APRIL, 1 9 6 1 .
3 . 2  TEST RESULTS FOR TENSION COUPONS, C .B .D .  TESTS,
MAY, 1 9 6 1 .
3 . 3  TEST RESULTS FOR TENSION COUPONS, C .B .D .  TESTS,
3 00  SERIES.
3 . 4  TEST RESULTS FOR TENSION COUPONS, C .B .D .  TESTS,
400  SERIES.
3 . 5  TEST RESULTS FOR TENSION COUPONS, C .B .D .  TESTS,
500  AND 600 SERIES.
3 . 6  TEST RESULTS FOR TENSION COUPONS, C .B .D .  TESTS,
MISCELLANEOUS PIECES AND 700 SERIES.
3 . 7  TABULATION OF AVERAGE VALUES OF jSy .
3 . 8  . TABULATION OF AVERAGE VALUES OF jz?u
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
1 . 1  END PORTION OF A SINGLE ANGLE MEMBER.
2 . 1  DETAIL OF TEST PIECES.
2 . 2  TABULATION OF NUMBER OF TEST SPECIMENS.
2 . 3  DETAIL OF TENSION TEST COUPON.
2 . 4  DETAIL OF TEST PIECES SHOWING LOCATION OF STRAIN
GAUGES.
3 . 1  LOAD-STRAIN CURVE FOR TENSION TEST SPECIMEN # 7 1 9 .
3 . 2  LOAD-STRAIN CURVE FOR TENSION TEST SPECIMEN # 7 3 4 .
3 . 3  STRESS VS. CONNECTION LOAD FOR TEST #719~A.
3 . 4  STRESS VS. CONNECTION LOAD FOR TEST # 7 1 9 -B .
3 . 5  STRESS VS. CONNECTION LOAD FOR TEST #734~C.
3 . 6  STRESS VS. CONNECTION LOAD FOR TEST #734-D .
3 . 7  LOAD-ELONGATION CURVE FOR TEST # 3 1 6 - 4 .
3 . 8  LOAD-ELONGATION CURVE FOR TEST # 3 3 5 - 4 .
3 . 9  LOAD-ELONGATION CURVE FOR TEST # 3 6 7 - 4 .
3 . 1 0  DISTRIBUTION OF END AND EDGE TYPE FAILURES.
4 . 1  PLOT OF v s .  EDGE DISTANCE.
4 . 2  PLOT OF V y v s .  EDGE DISTANCE.
4 . 3  RELATIONSHIP BETWEEN AND END DISTANCE FOR END
FAILURES. *
4 . 4  PLOT OF fSy  VS. END DISTANCE.
4 . 5  RELATIONSHIP OF <zL AND EDGE DISTANCE FOR EDGE
FAILURES. y
4 . 6  PLOT OF VS. EDGE DISTANCE.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES ( C o n t i n u e d )
4 . 7  PLOT OF VS. EDGE DISTANCE.
4 . 8  RELATIONSHIP BETWEEN AND END DISTANCE FOR END
FAILURES.
4 . 9  PLOT OF.ffu  VS. END DISTANCE.
4 . 1 0  RELATIONSHIP BETWEEN jzL AND EDGE DISTANCE FOR
EDGE FAILURES.
4 . 1 1  DISTRIBUTION OF END AND EDGE TYPE FAILURES.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF PHOTOGRAPHS
1 .  SINGLE ANGLE SINGLE BOLTED CONNECTION IN A TRANSMISSION 
TONER.
2 .  SINGLE ANGLE SINGLE BOLTED CONNECTIONS IN A GUYED MAST.
3 .  SPECIMEN AS SHEARED AND PUNCHED.
4 .  RUST—PITTED SPECIMEN.
5 .  SINGLE SHEAR TEST.
6 . DOUBLE SHEAR TEST. "
7 .  STRAIN GAUGED SPECIMEN. '
8 . STRAIN GAUGED SPECIMEN UNDER TEST.
9 .  STRAIN GAUGED SPECIMENS AFTER TESTING.
1 0 .  STRAIN GAUGED TENSION COUPONS AFTER TESTING.
1 1 .  SPECIMENS FROM HOLE ELONGATION TESTS.
1 2 .  SPECIMENS WITH CONSTANT EDGE DISTANCE.
1 3 .  SPECIMENS WITH CONSTANT END DISTANCE.
1 4 .  OUT OF PLANE BENDING OF SPECIMEN.
1 5 .  BROKEN AND UNBROKEN PAIRED SPECIMENS.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
NOTATION
p U l t i m a t e  T e s t  L o a d ,  P ounds
t • - * T h i c k n e s s  o f  T e s t  A n g le ,  I n c h e s
d * -* D i a m e t e r  o f  B o l t ,  5 / 8  I n c h e s
*7
« Y i e l d  S t r e s s ,  L b s .  P e r  S q u a r e  I n c h
•>*>
»<* U l t i m a t e  T e n s i l e  S t r e s s ,  L b s .  P e r  Sq.  I n c h
Cft
F a i l u r e  F u n c t i o n ,  Based  on Y i e l d  S t r e s s
K » F a i l u r e  F u n c t i o n ,  Based  on U l t i m a t eT e n s i l e  S t r e s s
X • -4 End D i s t a n c e ,  I n c h e s
y » Edge D i s t a n c e ,  I n c h e s
° n
* *
« •* S t r e s s  on N e t  S e c t i o n  At U l t i m a t e  L o a d ,  
L b s .  P e r  S q u a r e  I n c h
° b * -* B e a r i n g  S t r e s s  a t  U l t i m a t e  L o a d ,  L b s .  P e rS q u a r e  I n c h
P* •-4* -» I n t e r m e d i a t e  Load  on S p e c i m e n ,  P ounds
V
5* L o a d  F u n c t i o n ,  B ased  on Y i e l d  S t r e s s
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
j .O  INTRODUCTION
Tower s t r u c t u r e s  an d  p o w er  s u b s t a t i o n  s t r u c t u r e s  a r e  
u s u a l l y  f a b r i c a t e d  f rom  e q u a l  and  u n e q u a l  a n g l e  s e c t i o n s  
b e c a u s e  o f  t h e i r  e a s e  o f  f a b r i c a t i o n  an d  e r e c t i o n .  T h e se  
a d v a n t a g e s  a r e  a  r e s u l t  o f  t h e  b a s i c  s i m p l i c i t y  o f  t h e  
c r o s s - s e c t i o n .  U n l i k e  v i d e - f l a n g e ,  H o r  I  s e c t i o n s ,  
a n g l e s  can  be  c o n n e c t e d  t o g e t h e r  w i t h  a  minimum o f  g u s s e t  
p l a t e s  o r  e l a b o r a t e  j o i n t s .  I n  p a r t i c u l a r ,  s i n g l e  a n g l e  
members  h av e  b e e n  u s e d  a l m o s t  e x c l u s i v e l y  i n  t h e  m a j o r i t y  
o f  t o w e r  s t r u c t u r e s .
I n  t h e  d e s i g n  o f  t h e  s t r u c t u r e s  o f  a Power  T r a n s m i s s i o n  
L i n e  t h e  ec o n o m ic s  o f  t h e  p r o j e c t  i s  r e l a t e d  d i r e c t l y  
t o  t h e  r e p e t i t i o n  w h ic h  e x i s t s  b e c a u s e  o f  t h e  q u a n t i t y  
o f  s t r u c t u r e s  o f  an y  one t y p e  r e q u i r e d .  I n  g e n e r a l ,  a  
t r a n s m i s s i o n  l i n e  c o n s i s t s  o f  a  l a r g e  num ber  o f  s t a n d a r d  
s u s p e n s i o n  t o w e r s  and  s m a l l e r  q u a n t i t i e s  o f  s p e c i a l  
s t r u c t u r e s .  T h e s e  l a t t e r  s t r u c t u r e s  a r e  u s e d  a t  p o i n t s  
w h e re  t h e  l i n e  c h a n g e s  d i r e c t i o n  o r  w h e r e  o t h e r  p a r t i c u l a r  
l o a d  c a r r y i n g  c a p a b i l i t i e s  a r e  r e q u i r e d .  I n  a l o n g  power  
l i n e ,  a s  many a s  1000  o r  m ore  s t a n d a r d  s u s p e n s i o n  t o w e r s  
may be  r e q u i r e d .
Most members o f  a t o w e r  o c c u r  a t  l e a s t  f o u r  t i m e s  i n  
t h e  s t r u c t u r e  o r  ev en  o f t e n e r  b e c a u s e  o f  i t s  symm etry  and  
t h e  f a c t  t h a t  a t  l e a s t  t h e  o p p o s i t e  f a c e s  a r e  a l i k e .  T h u s ,
1
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2a  p a r t i c u l a r  member i n  a s u s p e n s i o n  t o w e r  may b e  r e p e a t e d  
o v e r  4000  t i m e s  i n  t h e  f u l l  t r a n s m i s s i o n  l i n e .  O b v i o u s l y ,  
i f  t h e  d e s i g n  l o a d  i n  s u c h  a  member can  b e  a d e q u a t e l y  
c a r r i e d  by a  s i n g l e  b o l t  r a t h e r  t h a n  tw o  b o l t s  i n  e a c h  
e n d  c o n n e c t i o n ,  t h e  p o s s i b l e  s a v i n g  a m o u n ts  t o  8000  b o l t s  
a n d  t h e  p u n c h i n g  o f  1 6 , 0 0 0  h o l e s .  I t  I s  s a v i n g s  o f  t h i s  
o r d e r  w h ic h  make t h e  s i n g l e  b o l t e d ,  s i n g l e  a n g l e  c o n n e c t i o n  
e c o n o m i c a l l y  a t t r a c t i v e  t o  I n d u s t r y .  N o te  t h a t  t h i s  f e a t u r e  
i s  e q u a l l y  a t t r a c t i v e  when t h e  f i e l d  e r e c t i o n  o f  t h e  
s t r u c t u r e s  i s  c o n s i d e r e d .  E v e r y  b o l t  w h i c h  can  be  e l i m i n a t e d  
i n  t h e  d e s i g n ,  I s  one  l e s s  b o l t  t o  be  i n s t a l l e d  a n d  t i g h t e n e d  
b y  h a n d .
I n  a d d i t i o n  t o  h a v i n g  a n  e f f e c t  on t h e  d e s i g n  o f  
c o n n e c t i o n s ,  t h e  m u l t i p l i c i t y  o f  one  t o w e r  t y p e  i n  a  
t r a n s m i s s i o n  l i n e  n e c e s s i t a t e s  t h e  u s e  o f  t h e  l i g h t e s t  
members  p o s s i b l e  i f  t h e  d e s i g n  i s  t o  b e  s e l e c t e d  f ro m  
am o n g s t  c o m p e t i t i v e  d e s i g n s .
T h u s ,  t  he a im o f  t h e  d e s i g n e r  o f  a  t r a n s m i s s i o n  t o w e r  
i s  t o  a r r i v e  a t  a  s t r u c t u r e  c o n s i s t i n g  o f  a  c o m b i n a t i o n  
o f  minimum s i z e ,  minimum t h i c k n e s s  members  c o n n e c t e d  by 
a  minimum num ber  o f  b o l t s .  T h i s  s t r u c t u r e ,  i n  t u r n ,  must  
s u p p o r t  a  l o a d  w h i c h  e x c e e d s  t h e  l o a d i n g  im posed  d u r i n g  
a  f u l l  s c a l e  t o w e r  t e s t .
O b v i o u s l y ,  t h e  minimum c o n n e c t i o n  i n  a minimum s i z e  
member  I s  t h e  s i n g l e  b o l t e d  s i n g l e  a n g l e  a s  d i s c u s s e d  
h e r e i n .
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3I n  t h e  d e s i g n  o f  g u y e d  m a s t s ,  t h e  l o n g  s t r a i g h t ­
s i d e d  s h a f t s  o f  t h e s e  s t r u c t u r e s  a r e  s i m i l a r l y  s u i t e d  
t o  t h e  u s e  o f  s i n g l e  a n g l e  members .  I n  s u c h  m a s t s  t h e  
r e p e t i t i o n  o f  t h e  b a s i c  b r a c i n g  s y s t e m  makes  t h e  u s e  o f  
s i n g l e  b o l t e d  c o n n e c t i o n s  e c o n o m i c a l l y  a t t r a c t i v e  f o r  
t h e  same r e a s o n s  w h ic h  a p p l y  t o  T r a n s m i s s i o n  T o w ers .
1 . 1  SINGLE ANGLE MEMBERS.
P h o t o g r a p h  No. 1 i n d i c a t e s  t y p i c a l  s i n g l e  a n g l e  
members  f a s t e n e d  by  s i n g l e  b o l t s  a s  u s e d  i n  a  t r a n s m i s s i o n  
t o w e r .  P h o t o g r a p h  No. 2 shows t h e  a n g l e  b r a c i n g  members 
o f  a  g uyed  m as t  c o n n e c t e d  by s i n g l e  b o l t s .  F i g u r e  1 , 1  
shows t h e  end p o r t i o n  o f  a  s i n g l e  a n g l e  w i t h  one h o l e  
f o r  a  c o n n e c t i n g  b o l t .  T h i s  f i g u r e  d e f i n e s  t h e  end  a n d  
e d g e  d i s t a n c e s  a n d  r e l a t e s  t h e s e  t o  t h e  p u n c h i n g  gauge  
a s  w e l l  a s  t o  t h e  h e e l  a n d  t o e s  o f  t h e  member . P h o t o g r a p h  
No. 3 shows a  s i n g l e  a n g l e  a s  f a b r i c a t e d .  N o te  t h a t  t h e  
e n d  o f  t h e  p i e c e  h a s  b e e n  s h e a r e d  and  t h e  h o l e  p u n c h e d .
T h e se  a r e  t y p i c a l  f a b r i c a t i o n  t e c h n i q u e s  u s e d  i n  p r o d u c t i o n  
t o w e r  s h o p s  f o r  a l l  b u t  t h e  v e r y  l a r g e s t  a n g l e  s i z e s .
I n  g e n e r a l ,  s h e a r i n g  o f  a n g l e s  i s  n o t  r e p l a c e d  by  saw 
c u t t i n g  u n l e s s  t h e  s e c t i o n  i s  8 x  8 o r  l a r g e r .  P u n c h i n g  
I s  u s e d  I n  medium s t e e l s  f o r  a l l  t h i c k n e s s e s  up  t o  an d  
e q u a l  t o  t h e  b o l t  d i a m e t e r .  F o r  t h i c k e r  m a t e r i a l  t h e  
h o l e s  a r e  d r i l l e d  f rom  t h e  s o l i d .  I n  some s p e c i a l  c o n n e c t i o n s  
o r  s p e c i a l  s t r u c t u r e s  w h e r e  f i t  i s  o f  p a r t i c u l a r  I m p o r t a n c e  
t h e  h o l e s  may be  s u b - p u n c h e d  a n d  r e a m e d  t o  t h e  d e s i r e d
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f i n a l  s i z e  o r  d r i l l e d  f u l l  s i z e  u s i n g  a s t e e l  t e m p l e t .
I n  t h a t  t h e s e  l a t t e r  m e th o d s  a r e  s p e c i a l ,  t h e y  a r e  n o t  
c o n s i d e r e d  i n  t h i s  p a p e r .
1 . 2  RESULTS OF PAST TESTS
T e s t i n g  o f  a n g l e  c o n n e c t i o n  was d o n e  i n  1929 "by The 
C a n a d ia n  B r i d g e  Company a n d  The A m er ican  B r i d g e  Company 
w o r k i n g  i n  c o l l a b o r a t i o n .  T h e s e  t e s t s  i n d i c a t e d  t h a t  
w i t h  t h e  s t e e l s  t h e n  a v a i l a b l e ,  w i t h  a  g u a r a n t e e d  
minimum y i e l d  p o i n t  o f  3 3 ,0 0 0  p . s . i . ,  some o f  t h e  
s m a l l e r  a n g l e  s i z e s  w o u ld  n o t  d e v e l o p  t h e  b e a r i n g  c a p a c i t y  
o f  t h e  m a t e r i a l  o r  t h e  s h e a r  c a p a c i t y  o f  a  s t a n d a r d  toxyer 
b o l t .  I n  p a r t i c u l a r ,  1 - 1 / 2  x  1 - 1 / 2  x  1 / 8 , 1 - 1 / 2  x  1 - 1 / 2  x  
3 / 1 6  and 1 -3 /4 -  x  1 -3 /4 -  x  3 / 1 6  a n g l e s  w e r e  f o u n d  t o  f a l l  
t h r o u g h  t h e  e d g e  a t  r e l a t i v e l y  low  l o a d s .  T h i s  f a c t  was 
t a k e n  i n t o  c o n s i d e r a t i o n  by i n t r o d u c i n g  a p p r o p r i a t e  
r e d u c t i o n  f a c t o r s  i n t o  t h e  p e r m i s s i b l e  b e a r i n g  s t r e s s  o r  
b o l t  s h e a r  v a l u e s  u s e d  w i t h  t h e s e  s e c t i o n s .  N o te  t h a t  
1 - 3 / 4 '  x  1-3 /4-  x  1 / 8  a n g l e s  a r e  n o t  i n c l u d e d  i n  t h e  l i s t  o f  
e x c e p t i o n s . . I t  was f o u n d  t h a t  w i t h  s t a n d a r d  g a u g e s  t h e  
b e a r i n g  c a p a c i t y  o f  1 / 8 " m a t e r i a l ,  w h i c h  c a n n o t  be  d e v e l o p e d  
i n  a n  a n g l e  1- 1 / 2 " w i d e ,  c a n  be  d e v e l o p e d  w i t h  1 -3 /4 -"  
o f  w i d t h .  F o r  a l l  o t h e r  a n g l e s  t e s t e d ,  i t  was  f o u n d  t h a t  
f u l l  b e a r i n g  o r  t h e  b o l t  s h e a r  c a p a c i t y  c o u l d  be d e v e l o p e d  
w i t h  s t a n d a r d  g a u g e s  and e n d  d i s t a n c e s .
One o f  t h e  v e r y  s i g n i f i c a n t  r e s u l t s  o f  t h e s e  1929  t e s t s  
was t h e  c o n c l u s i o n  t h a t  p e r m i s s i b l e  b e a r i n g  s t r e s s e s  e q u a l
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t o  t w i c e  t h e  p e r m i s s i b l e  t e n s i o n  s t r e s s e s  o f  t h e  c o n n e c t e d  
m a t e r i a l  w e re  a c c e p t a b l e  when u s i n g  u n f i n i s h e d  t o w e r  b o l t s .
I n  1 9 6 1 ,  D o sco  I n d u s t r i e s  L i m i t e d ,  C a n a d i a n  B r i d g e  
D i v i s i o n ,  c a r r i e d  o u t  a n o t h e r  s e r i e s  o f  t e s t s .  T h e s e  
t e s t s  w e r e  i n s t i t u t e d  i n  v i e w  o f  t h e  i n c r e a s e d  u s e  o f  
h i g h  s t r e n g t h  s t e e l s , b o t h  f o r  t o w e r  members  an d  b o l t s .
T a b l e  1 . 1  l i s t s  t h e  s t e e l s  w h i c h  a r e  commonly u s e d  i n  
t h e  f a b r i c a t i o n  o f  t o w e r s  i n  C a n a d a ,  w h i l e  T a b l e  1 . 2  
g i v e s  t h e  p h y s i c a l  p r o p e r t i e s  o f  b o t h  s ta n d a i j j l  t o w e r  
b o l t s  a n d  h i g h  s t r e n g t h  s t r u c t u r a l  b o l t s .
The p u r p o s e  o f  t h e  1961 t e s t s  was  t o  e v a l u a t e  t h e  
r e l i a b i l i t y  o f  t h e  r e d u c e d  b e a r i n g  v a l u e s  f o r  t h e  s m a l l e r  
a n g l e s ,  a s  c o n c l u d e d  f ro m  t h e  1929  t e s t s ,  when a p p l i e d  t o  
t h e  n e w e r  h i g h  s t r e n g t h  s t e e l s .  U n f o r t u n a t e l y ,  t h e s e  
. n e w e r  t e s t s  w e r e  n e i t h e r  e x t e n s i v e  e n o u g h  n o r  d o c u m e n t e d  
e n o u g h  t o  l e a d  t o  a n y  r e l i a b l e  c o n c l u s i o n s .  I n  o r d e r  t o  
o v e rc o m e  t h e s e  s h o r t c o m i n g s  and  y i e l d  some s i g n i f i c a n t  
r e s u l t s ,  t h e  t e s t s  r e p o r t e d  h e r e i n  w e r e  i n s t i t u t e d .
1 . 3  TESTS ON FLAT BARS '
G eo rg e  W i n t e r  h a s  r e p o r t e d  i n  h i s  " T e s t s  on B o l t e d  
C o n n e c t i o n s  i n  L i g h t  Gage S t e e l "  ( 8 ) t h a t  f o u r  d i s t i n c t  
f a i l u r e  p a t t e r n s  a r e  p o s s i b l e  d e p e n d i n g  u p o n  t h e  m a g n i t u d e  
o f  t h e  p e r t i n e n t  v a r i a b l e s .  T h e s e  f a i l u r e  t y p e s  a r e :
1 .  " L o n g i t u d i n a l  s h e a r i n g  o f  t h e  s h e e t  a l o n g  tw o
p r a c t i c a l l y  p a r a l l e l  p l a n e s  w hose  d i s t a n c e  e q u a l s  
t h e  b o l t  d i a m e t e r ;  t h i s  t y p e  o c c u r r e d . f o r  r e l a t i v e l y  
s h o r t  ' e d g e *  d i s t a n c e s  e . "
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I I .  " S h e a r i n g - T e a r i n g  a l o n g  two d i s t i n c t l y  i n c l i n e d  
p l a n e s  w i t h  c o n s i d e r a b l e  " p i l i n g - u p "  o f  t h e  
m a t e r i a l  i n  f r o n t  o f  t h e  b o l t ;  t h i s  t y p e  o f  
f a i l u r e  o c c u r r e d  c h i e f l y  f o r  l o n g  "ed g e"  d i s t a n c e s  e " .
I I I .  " T r a n s v e r s e  T e n s i o n - T e a r i n g  a c r o s s  t h e  s h e e t "
IV .  " S h e a r i n g  o f  t h e  b o l t ,  w i t h  more  o r  l e s s  p r o n o u n c e d  
p r e c e d i n g  e l o n g a t i o n  o f  t h e  h o l e . "
(N o te  t h a t  " e d g e"  e a s  r e f e r r e d  t o  by W i n t e r  i s  e q u i v a l e n t  
t o  "end"  d i s t a n c e  a s  r e f e r r e d  t o  h e r e  and  a s  d e f i n e d  
by F i g u r e  1 . 1 ) .
B a s e d  on h i s  f i n d i n g s ,  W i n t e r  d e r i v e d  e m p i r i c a l  r e l a t i o n ­
s h i p s  f o r  f l a t  b a r s  w h ic h  w i l l  i n d i c a t e  t h e  e x p e c t e d  
u l t i m a t e  c a p a c i t y  o f  t h e  b a r  a n d  t h e  mode o f  f a i l u r e ,  
e i t h e r  I ,  I I ,  I I I  o r  IV a s  l i s t e d  a b o v e .
The work  r e p o r t e d  h e r e  was  u n d e r t a k e n  i n  t h e  h o p e  t h a t  
s i m i l a r  e m p i r i c a l  r e l a t i o n s h i p s  c o u l d  be  d e r i v e d  f o r  s i n g l e  
a n g l e  members.
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2 . 0  EXPERIMENTAL WORK 
A t o t a l  o f  60b  s a m p l e s  w e re  t e s t e d  a n d  t h e  r e s u l t s  
t h u s  o b t a i n e d  w e r e  com bined  w i t h  t h e  r e s u l t s  o f  1 1 ? t e s t s  
c o n d u c t e d  by  C a n a d ia n  B r i d g e  i n  1 9 ^ 1 .  A l l  s a m p le s  w ere  
f a b r i c a t e d  by C a n a d ia n  B r i d g e  D i v i s i o n  a s  r e g u l a r  p r o d u c t i o n  
w o r k ,  n o t  a s  s p e c i a l  w ork .  T h a t  i s ,  a l l  p i e c e s  w e r e  c u t  t o  
l e n g t h  by s h e a r i n g ,  a l l  h o l e s  w e re  p u n c h e d  and  no s p e c i a l  
e f f o r t s  w e re  g i v e n  t o  a c c u r a c y  o f  s h e a r i n g  o r . p u n c h i n g  
b ey o n d  what  m i g h t  be  e x p e c t e d  i n  r e g u l a r  p r o d u c t i o n  o f  
s m a l l  members.  Ea ch  t e s t  s e c t i o n  was f a b r i c a t e d  f ro m  
m a t e r i a l  a v a i l a b l e  f rom  C a n a d ia n  B r i d g e  D i v i s i o n  s t o c k  
w i t h  no a t t e m p t  made t o  p i c k  m a t e r i a l  w i t h  a n y  p a r t i c u l a r  
a d h e r e n c e  t o  t h e  s p e c i f i e d  s i z e .  T h a t  i s ,  no c h e c k i n g  
was done  on e i t h e r  w i d t h  o r  t h i c k n e s s  a g a i n s t  t h e  a p p r o p r i a t e  
f a b r i c a t i o n  s p e c i f i c a t i o n  ( 9 ) .
F o r  t h e  6Ob new t e s t s  e a c h  s am p le  was  made n i n e  i n c h e s  
l o n g  w h i l e  t h e  1 9 &L t e s t s  u s e d  s a m p le s  f ro m  n i n e  I n c h e s  
up  t o  l 1— 1'—1 / b n l o n g .  Most  o f  t h e  19&L t e s t  p i e c e s  w e re  
t h e  f o r m e r  l e n g t h .
F i g u r e  2 . 1  shows t h e  g e n e r a l  d e t a i l  o f  a l l  t e s t  p i e c e s .  
N o te  t h a t  two b o l t s  w e re  u s e d  f o r  c o n n e c t i n g  one e n d  w h i l e  
t h e  t e s t  end  u s e d  o n ly  one b o l t .  A l l  t h r e e  b o l t  h o l e s  
w e re  p u n ch ed  on a common g a u g e  l i n e  f o r  s i m p l i c i t y  o f  
f a b r i c a t i o n .  I n  most  c a s e s  a l l  s a m p le s  w e re  g a l v a n i z e d
7
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t h e  same a s  r e g u l a r  t r a n s m i s s i o n  t o w e r  s t e e l .  A f e w  t e s t s  
vrere s t r a i n  g a u g e d ,  i n  w h i c h  c a s e s  g a l v a n i z i n g  was 
e l i m i n a t e d  i n  o r d e r  t o  p r o v i d e  a s u r f a c e  w h i c h  was e a s i e r  
t o  p r e p a r e  f o r  a t t a c h m e n t  o f  t h e  g a u g e s .  Some t e s t  p i e c e s  
vrere l e f t  u n g a l v a n i z e d  i n  o r d e r  t o  e x p e d i t e  d e l i v e r y .
P r e p a r a t i o n  f o r  g a l v a n i z i n g  i n c l u d e d  s h o t  b l a s t  c l e a n i n g  
i n  a  t u m b l e  b l a s t  m a c h in e  f o l l o w e d  by a s h o r t  " f l a s h "  
p i c k l e  i n  a c i d .
2 . 1  VARIABLES CONSIDERED
C o n s i d e r a t i o n  o f  t h e  l o a d  c a r r y i n g  c a p a c i t y  o f  a  s i n g l e  
a n g l e  c o n n e c t i o n  l e a d s  t o  r e c o g n i t i o n  o f  a  number  o f  f a c t o r s  
w h i c h  do  h a v e ,  o r  may h a v e ,  a s i g n i f i c a n t  e f f e c t  on t h e  
l o a d  c a r r y i n g  c a p a c i t y  o f  t h e  c o n n e c t i o n .
I n  t h i s  r e p o r t ,  t h e  f o l l o w i n g  f a c t o r s  h a v e  b e e n  c o n s i d e r e d :
( a )  End D i s t a n c e
(b )  Edge  D i s t a n c e
l / ' i  Thi n l r n o c G
(d )  Y i e l d  S t r e n g t h  o f  t h e  M a t e r i a l
( e )  U l t i m a t e  T e n s i l e  S t r e n g t h  o f  t h e  M a t e r i a l .
I n  a d d i t i o n  t o  t h e  f o r e g o i n g ,  t h e  f o l l o w i n g  f a c t o r s  w i l l
a l s o  c o n t r i b u t e  t o  t h e  u l t i m a t e  c a p a c i t y  o f  a  c o n n e c t i o n :
( f )  T o l e r a n c e  on End D i s t a n c e
( g )  T o l e r a n c e  on Edge D i s t a n c e
(h )  V a r i a t i o n s  i n  Y i e l d  S t r e n g t h  t h r o u g h o u t  t h e  
m a t e r i a l .
( i )  V a r i a t i o n s  i n  T e n s i l e  S t r e n g t h  t h r o u g h o u t  
t h e  m a t e r i a l .
( j )  M i l l  T o l e r a n c e s  on t h e  s e c t i o n  p r o f i l e  ( 9 ) .
( k )  G e n e r a l  C o n d i t i o n  o f  S h e a r e d  o r  P u n c h e d  S u r f a c e s .  
( 1 ) G e n e r a l  C o n d i t i o n  o f  t h e  R o l l e d  S u r f a c e s ,  t h a t  
i s ,  a s  r o l l e d ,  com pared  t o  s l i g h t l y  o r  h i g h l y  
r u s t  p i t t e d .
(m) H o le  D i a m e t e r
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I n  t h a t  i t e m s  ( f )  t o  (m) I n c l u s i v e  a r e  f a c t o r s  w h i c h  
e x i s t  i n  i n d u s t r y  a n d  c a n n o t  a lw a y s  b e  e c o n o m i c a l l y  o r  
c o n v e n i e n t l y  m e a s u r e d  o r  r e g u l a t e d ,  t h i s  s t u d y  h a s  made 
no  a t t e m p t  t o  I n v e s t i g a t e  t h e i r  s i g n i f i c a n c e .
I t e m  (m ) ,  h o l e  d i a m e t e r ,  r e s u l t s  d i r e c t l y  f rom  b o l t  
d i a m e t e r  i f  t o l e r a n c e s  i n  t h e  p u n c h e d  s i z e  a r e  i g n o r e d .
The m a j o r i t y  o f  t o w e r  s t r u c t u r e s  b u i l t  i n  Canada  u s e  5 / 8 "  
d i a m e t e r  b o l t s  i n  l l / l 6 " d i a m e t e r  h o l e s ,  t h e r e f o r e ,  t h i s  
s t u d y  h a s  b e e n  r e s t r i c t e d  t o  i n v e s t i g a t i n g  c o n n e c t i o n s  
u s i n g  t h i s  s i z e  h o l e s .
I t e m s  ( h )  a n d  ( i ) ,  t h e  v a r i a t i o n s  i n  y i e l d  s t r e n g t h  
a n d  t e n s i l e  s t r e n g t h ,  t h r o u g h o u t  t h e  m a t e r i a l ,  a r e  
r e c o g n i z e d  i n  I n d u s t r y ,  b u t  i g n o r e d  f o r  p r a c t i c a l  p u r p o s e s .  
I t  i s  r e c o g n i z e d  t h a t  i n  a  h o t  r o l l e d  s t r u c t u r a l  s e c t i o n ,  
s u c h  a s  an a n g l e ,  t h e  m e c h a n i c a l  p r o p e r t i e s  w i l l  c h a n g e  
a c r o s s  t h e  p r o f i l e .  A l s o ,  c h a n g e s  ca n  be  e x p e c t e d  t h r o u g h ­
o u t  t h e  l e n g t h  o f  t h e  m a t e r i a l  a s  r o l l e d .  I n  s p i t e  o f  
t h e s e  v a r i a t i o n s ,  i t  i s  s t a n d a r d  p r a c t i c e  t o  a c c e p t  t h e  
m i l l  t e s t  r e p o r t  f o r  one t e s t  o f  a  g i v e n  p r o f i l e  i n  a  
g i v e n  ' h e a t  a s  b e i n g  r e p r e s e n t a t i v e  o f  a l l  o f  t h a t  p r o f i l e  
p r o d u c e d  f ro m  t h e  h e a t .
F o r  t h e  i n v e s t i g a t i o n  r e p o r t e d  h e r e i n ,  two c r i t e r i a  
h a v e  b e e n  a d o p t e d  r e l a t i v e  t o  y i e l d  a n d  t e n s i l e  s t r e n g t h s .  
The 1961  C a n a d i a n  B r i d g e  D i v i s i o n  t e s t s  w e re  c o n d u c t e d  
i n  tw o  d i f f e r e n t  g r o u p s  b u t  t e n s i o n  c o u p o n s  w e r e  n o t  t e s t e d  
a t  t h a t  t i m e .  I n  o r d e r  t o  e v a l u a t e  t h e  y i e l d  and  u l t i m a t e
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t e n s i l e  s t r e s s e s  I n  t h e s e  t e s t s ,  f o r  e a c h  s e c t i o n  s i z e  
r e p r e s e n t e d  I n  a  g r o u p ,  one t e n s i o n  t e s t  coupon was c u t  
f ro m  a  b o l t  t e s t  s a m p le .  N o te  t h a t  t h i s  p r o c e d u r e  a s s u m e s ,  
f o r  e x am p le ,  t h a t  a l l  o f  t h e  1 - 1 / 2  x  1 - 1 / 2  x  1 / 8  m a t e r i a l  
i n  t h e  A p r i l ,  1 9 6 l  t e s t s  was  c u t  f rom  one  s t o c k  l e n g t h .
F o r  t h e  n e w e r  t e s t s ,  f a b r i c a t i o n  was c a r r i e d  o u t  a t  
f o u r  d i f f e r e n t  t i m e s ,  t h u s  f o u r  d i f f e r e n t  s e t s  o f  t e n s i o n  
t e s t  coupons  w e r e  made and t e s t e d .  A l s o ,  when I t  was 
known t h a t  a l l  o f  t h e  p i e c e s  o f  a  p a r t i c u l a r  s e c t i o n  i n  
a  p r o d u c t i o n  r u n  c o u l d  n o t  b e  c u t  f r o m  one  s t o c k  l e n g t h ,  
a  t e n s i o n  coupon  was p r e p a r e d  f rom  e a c h  s t o c k  l e n g t h  u s e d  
i n  p r o d u c t i o n .
2 . 2  SCOPE OF INVESTIGATION
The f o l l o w i n g  v a r i a b l e s  h a v e  b e e n  c o n s i d e r e d :
End d i s t a n c e s  f rom  J / k  t o  1 - 3 / ^  i n c h e s  i n  i n c r e m e n t s  
o f  1 / 8 "
Edge d i s t a n c e s  f ro m  5 / 8  t o  1 - 3 / 8  i n c h e s  i n  I n c r e m e n t s  
o f  1 / 8 "
T h i c k n e s s  o f  1 / 8 " ,  3 / 1 6 "  a n d  1/U-"
Two g r a d e s  o f  s t e e l ,  medium and  h i g h  s t r e n g t h .
F i g u r e  2 . 2  shows t h e  t o t a l  number  o f  t e s t s  made f o r  
e a c h  c o m b i n a t i o n  o f  end  and  edge  d i s t a n c e  u s e d .
B o th  t h e  end  a n d  edge  d i s t a n c e s  i n v e s t i g a t e d  go b eyond  
t h e  r a n g e s  u s u a l l y  u s e d  i n  I n d u s t r y  f o r  s i n g l e  b o l t  c o n n e c t i o n s  
i n  o r d e r  t o  p e r m i t  t h e  f i t t i n g  o f  a r e a s o n a b l y  l o n g  c u r v e  
t o  t h e  p l o t t e d  r e s u l t s .




The t h i c k n e s s e s  u s e d ,  1 / 8 " ,  3 / 1 6 "  a n d  1 / 4 "  a r e  by  f a r  
t h e  commonest  t h i c k n e s s e s  f o r  s i n g l e  a n g l e s  u s e d  w i t h  
s i n g l e  b o l t s .
The g r a d e s  o f  s t e e l  u s e d  a r e  i n  tw o  v e r y  b r o a d  c l a s s e s ,  
medium a n d  h i g h  s t r e n g t h .  The medium g r a d e  i n c l u d e s  C .S .A .  
G4-0.4- a n d  A .S .T .M .  A36  s t e e l s  w i t h  p r o p e r t i e s  a s  p e r  T a b l e  
1 . 1 .  The h i g h  s t r e n g t h  g r a d e  i n c l u d e s  G .S .A .  G4-0. 6 ,
C .S .A .  G4-0. 8 an d  RB60  s t e e l s ,  a g a i n  w i t h  p r o p e r t i e s  a s  
p e r  T a b l e  1 . 1 .  I t  s h o u l d  b e  n o t e d  t h a t  b o t h  t h e  G4-0.4- 
a n d  A36  s p e c i f i c a t i o n s  p l a c e  no  u p p e r  l i m i t  on y i e l d  
s t r e n g t h ,  t h u s  i t  i s  p o s s i b l e  t o  h a v e  s o - c a l l e d  medium 
s t e e l  w i t h  a  y i e l d  s t r e n g t h  h i g h e r  t h a n  t h a t  o f  some o f  
\ t h e  h i g h  s t r e n g t h  s t e e l s .  F o r  e x a m p l e ,  r e f e r r i n g  t o  
T a b l e  3 . 5 ,  t h e  2- 1 / 2  x  2 - 1 / 2  x  1 / 8  A36  s t e e l  o f  t h e  500  
S e r i e s  T e s t s  h a s  a  y i e l d  s t r e n g t h  o f  5 1 ,2 0 0  p . s . i . ,  w h i l e  
t h e  2- 1 / 2  x  2 - 1 / 2  x  1 / 8  G 4 0 .8  o f  t h e  6 0 0  S e r i e s  T e s t s  h a s  
a  y i e l d  s t r e n g t h  o f  o n l y  4 4 , 5 5 0  p . s . i .
I n  a l l  c a s e s ,  t h e  h i g h  s t r e n g t h  s a m p l e s  w e re  s e l e c t e d  
f ro m  a v a i l a b l e  m a t e r i a l  i n  C a n a d i a n  B r i d g e  D i v i s i o n  s t o c k .  
T h i s  c r i t e r i a  a c c o u n t s  f o r  t h e  r a t h e r  random  a s s o r t m e n t  
o f  m a t e r i a l s  u s e d , b u t  was u n a v o i d a b l e ,  i n  t h a t  t h e  t o t a l  
o f  a l l  s a m p le s  o f  one g r a d e  a n d  p r o f i l e  w ou ld  n o t  r e p r e s e n t  
e n o u g h  m a t e r i a l  t o  j u s t i f y  a  s p e c i a l  r o l l i n g  o f  t h e  r e q u i r e ­
ment by  a  s t e e l  m i l l .  Most  C a n a d ia n  M i l l s  w i l l  n o t  a c c e p t  
o r d e r s  f o r  l e s s  t h a n  25 t o n s  o f  one  a n g l e  s e c t i o n .
The d e s i r e  t o  i n v e s t i g a t e  tw o  g r a d e s  o f  s t e e l ,  com bined  
w i t h  t h e  n e c e s s i t y  o f  u s i n g  a v a i l a b l e  s t o c k  m a t e r i a l ,
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r e s u l t e d  i n  some o f  t h e  s a m p l e s  b e i n g  f a b r i c a t e d  f ro m  
m a t e r i a l  w h ic h  h a d  b e e n  s t o c k - p i l e d  f o r  some t i m e  a n d ,  
a s  s u c h ,  was b a d l y  r u s t e d .  A f t e r  s h o t  b l a s t i n g ,  p i c k l i n g  
a n d  g a l v a n i z i n g ,  t h e  r e s u l t i n g  s u r f a c e  o f  t h e  s a m p l e s  
was n o t i c e a b l y  p i t t e d ,  a s  shown i n  P h o t o g r a p h  k.
2 . 3  TENSION TEST SPECIMENS
A l l  t e n s i o n  t e s t  s p e c i m e n s  w e re  f a b r i c a t e d  i n  a c c o r d a n c e  
w i t h  F i g u r e  2 . 3 .  The s p e c i m e n s  f o r  t h e  new t e s t s  w e re  
n o t  g a l v a n i z e d  when t e s t e d  i n  t h a t  u n d e r  n o rm a l  c i r c u m ­
s t a n c e s  i n  i n d u s t r y ,  t e n s i o n  t e s t s  a r e  p e r f o r m e d  on t h e  
b l a c k ,  a s - r o l l e d  s t e e l  a t  t h e  r o l l i n g  m i l l .  The r e s u l t s  
t h u s  o b t a i n e d  a r e  a p p l i e d  d i r e c t l y  t o  t h e  g a l v a n i z e d  members 
o f  a  c o m p l e t e  s t r u c t u r e  w i t h o u t  m o d i f i c a t i o n .
F o r  t h e  19&2 C a n a d ia n  B r i d g e  D i v i s i o n  t e s t s  t h e  t e n s i o n  
s p e c i m e n s  h a v e  b e e n  c u t  f ro m  t h e  o l d  b o l t  t e s t  members 
a n d ,  a s  e u c h ,  w e r e  g a l v a n i z e d .  Any c h a n g e  i n  e i t h e r  
y i e l d  s t r e n g t h  o r  u l t i m a t e  t e n s i l e  s t r e n g t h  due t o  s h o t  
b l a s t i n g ,  p i c k l i n g  o r  g a l v a n i z i n g  h a s  b e e n  d i s r e g a r d e d  
a s  a  m in o r  e f f e c t .  F o r  p r a c t i c a l  p u r p o s e s ,  i n  I n d u s t r y ,  
t h i s  e f f e c t  i s  a b s o r b e d  i n  t h e  F a c t o r  o f  S a f e t y  o f  t h e  
c o m p l e t e  s t r u c t u r e  u n d e r  c o n s i d e r a t i o n .
N o te  t h a t  t h e  t e n s i o n  t e s t  s p e c i m e n s  u s e d  a r e  s h o r t e r  
a n d  n a r r o w e r  t h a n  t h o s e  s p e c i f i e d  i n  C .S .A .  S t a n d a r d  G^O.l  ( 9 ) .  
The  l e n g t h  u s e d  was d e r i v e d  f ro m  t h e  f u l l  l e n g t h  o f  t h e  
1 9 6 2  t e s t  p i e c e s .  The w i d t h  u s e d  was d i c t a t e d  by  t h e  n e ed  
t o  c u t  t h e  1 96 2  t e s t  p i e c e s  w i t h o u t  i n c l u d i n g  t h e  p i e c e
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m a rk  w h ic h  i s  s t a m p e d  i n t o  t h e  s t e e l
2 . b  TESTING PROCEDURES
A l l  t e s t s ,  b o t h  t h e  1 9 ^ 2  s e r i e s  a n d  t h e  newer  s e r i e s ,  
w e r e  made on a  T i n i u s —O lso n  H y d r a u l i c  T e s t i n g  M ach in e  o f
2 0 0 ,0 0 0  p o u n d s  c a p a c i t y ,  w i t h  t h r e e  l o a d  r a n g e s ,  o f  w h i c h  
t h e  tw o  h i g h e s t ,  3 0 ,0 0 0  l b .  a n d  1 2 0 ,0 0 0  l b .  r e s p e c t i v e l y  
w e r e  u s e d .
I n  a l l  t e s t s ,  t h e  u l t i m a t e  l o a d  r e c o r d e d  i s  t h e  
maximum r e a d i n g  o b s e r v e d  b e f o r e  t h e  l o a d  f e l l  o f f .  A l l  
a t t e m p t s  t o  n o t e  a d i s t i n c t  y i e l d  p o i n t  a s  was  d one  w i t h  
t h e  t e n s i o n  c o u p o n s  f a i l e d .  F o r  a l l  t e s t s ,  t h e  l o a d  
I n d i c a t i n g  n e e d l e  r o s e  c o n t i n u o u s l y  f rom  t h e  b e g i n n i n g  
o f  t h e  l o a d i n g  c y c l e  u n t i l  a  maximum was r e a c h e d ,  and  
t h e n  t h e  n e e d l e  f e l l  b a c k .  I n  no c a s e s  was  t h e  l o a d  
o b s e r v e d  t o  I n c r e a s e  a g a i n  a f t e r  t h e  f i r s t  f a l l - o f f  a t  
maximum l o a d .
I n  many c a s e s ,  p a r t i c u l a r l y  w i t h  a  c o m b i n a t i o n  o f  
l a r g e  end  a n d  ed g e  d i s t a n c e s ,  t h e  r a t e  o f  l o a d i n g  was 
o b s e r v e d  t o  s lo w  down n o t i c e a b l y  u n t i l  f a i l u r e  o c c u r r e d .
.2. *1.1 - SINGLE SHEAR TESTS
Most o f  t h e  t e s t s  w e r e  made w i t h  t h e  b o l t s  i n  
s i n g l e  s h e a r  a s  shown I n  P h o t o g r a p h  5* The h e a v y  
p l a t e s  u s e d  t o  fo rm  t h e  c o n n e c t i o n s  w i t h  t h e  t e s t  
a n g l e s  w e re  7 / 8 "  t h i c k  A36 s t e e l .  I t  was f o u n d  t h a t  
a f t e r  s e v e r a l  t e s t s  t h e  h o l e s  i n  t h e s e  p l a t e s  e l o n g a t e d
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t o  s u c h  a n  e x t e n t  t h a t  t h e  b o l t s  w o u l d  move c o n s i d e r ­
a b l y  o u t  o f  t h e i r  l i n e  a t  r i g h t  a n g l e s  t o  t h e  p l a n e  
o f  t h e  p l a t e .  L a t e r  t e s t s  w e r e  made u s i n g  h a r d e n e d  
s t e e l  p l a t e s  I n  o r d e r  t o  m i n i m i z e  t h i s  s e c o n d a r y  
e f f e c t .
C o n n e c t i o n  s l i p  was  e l i m i n a t e d  by a p p l y i n g  an  
i n i t i a l  l o a d  o f  a p p r o x i m a t e l y  200  t o  400  l b s .  w i t h  
t h e  b o l t s  f i n g e r  t i g h t .  A f t e r  a p p l i c a t i o n  o f  t h i s  
l o a d  a l l  b o l t s  w e re  t i g h t e n e d  t o  t h e  maximum p o s s i b l e  
u s i n g  a  1 4  i n .  r a t c h e t  w r e n c h .  T h i s  h a n d  t o r q u e i n g  
i s  s i m i l a r  t o  t h a t  u s e d  i n  f i e l d  e r e c t i o n  o f  t o w e r  
s t r u c t u r e s .
F o r  t h o s e  t e s t s  w h e r e  t h e  e x p e c t e d  u l t i m a t e  l o a d  
was  g r e a t e r  t h a n  t h e  s h e a r  c a p a c i t y  o f  a  s t a n d a r d  
t o w e r  b o l t ,  h i g h  s t r e n g t h  s t r u c t u r a l  b o l t s  t o  A .S .T .M .  
S p e c i f i c a t i o n  A—325 w e r e  u s e d .  A l l  b o l t s  w e r e  u s e d  
w i t h  a  f l a t  w a s h e r  u n d e r  t h e  n u t .
2 . 4 . 2  DOUBLE SHEAR TESTS
When t e s t  l o a d s  w e r e  e x p e c t e d  t o  e x c e e d  t h e  c a p a c i t y  
o f  h i g h  s t r e n g t h  b o l t s ,  a  d o u b l e —s h e a r  t y p e  c o n n e c t i o n  
was u s e d ,  a s  shown i n  P h o t o g r a p h  No. 6 . T h i s  c o n n e c t i o n  
d o e s  n o t  p r o v i d e  e q u a l  l o a d s  on t h e  two s h e a r  p l a n e s  
o f  t h e  b o l t  b u t  d i d  p r o v i d e  en o u g h  r e d i s t r i b u t i o n  o f  
t h e  l o a d  t o  t h e  s e c o n d  s h e a r  p l a n e  t o  e l i m i n a t e  b o l t  
f a i l u r e  b e f o r e  f a i l u r e  o f  t h e  t e s t  a n g l e .
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A s m a l l  i n i t i a l  b o l t  l o a d  was a p p l i e d  b e f o r e  
f i n a l  t i g h t e n i n g  I n  a l l  d o u b l e  s h e a r  t e s t s ,  a s  
d e s c r i b e d  a b o v e  f o r  s i n g l e  s h e a r  t e s t s .
2 . 4 . 3  STRAIN GAUGED SPECIMENS
F o u r  t e s t s  w e re  c o n d u c t e d  w i t h  t h e  s p e c i m e n s  s t r a i n  
g a u g e d  a t  p o i n t s  o f  c r i t i c a l  s t r e s s  c o n c e n t r a t i o n s .
F i g u r e  2 . 4  i n d i c a t e s  t h e  d i m e n s i o n s  o f  t h e s e  s p e c i m e n s  and  
shows t h e  l o c a t i o n  o f  t h e  g a u g e s .  N o te  t h a t  p i e c e s  
719-A a n d  B a r e  made t o  f a i l  t h r o u g h  t h e  e d g e  w h i l e  
p i e c e s  734~C a n d  D a r e  made t o  f a i l  t h r o u g h  t h e  end .
S p e c i a l  p l a t e  w a s h e r s ,  w h ic h  a r e  v i s i b l e  i n  P h o t o g r a p h  
No. 7 w e re  u s e d  on t h e s e  f o u r  t e s t s .  T h e se  w a s h e r s  
h a d  l o n g i t u d i n a l  g r o o v e s  m a c h in e d  i n  one f a c e  t o  
p r o v i d e  c l e a r a n c e  f o r  t h e  w i r i n g  t o  t h e  g a u g e s .  T h i s  
t e c h n i q u e  h a d  t h e  e f f e c t  o f  s p r e a d i n g  t h e  c l a m p i n g  
f o r c e  o f  t h e  b o l t  o v e r  a  l a r g e r  a r e a  t h a n  I s  t h e  c a s e  
when a  s t a n d a r d  w a s h e r  i s  u s e d .  A l s o ,  b e c a u s e  o f  t h e  
g r o o v e s  i n  t h e  p l a t e  w a s h e r ,  t h e  c l a m p i n g  f o r c e  a t  t h e  
tw o  e d g e s  o f  t h e  h o l e  a t  r i g h t  a n g l e s  t o  t h e  l o n g i t u d i n a l  
a x i s  o f  t h e  t e s t  a n g l e  was e l i m i n a t e d .  I t  i s  n o t  
b e l i e v e d  t h a t  t h e s e  v a r i a t i o n s  i n  c l a m p i n g  p r e s s u r e s  
h a d  any  s i g n i f i c a n t  e f f e c t  on t h e  u l t i m a t e  l o a d s  
c a r r i e d  by t h e  s p e c i m e n s .
P h o t o g r a p h  No. 8 show s  a  s p e c i m e n  i n  t h e  t e s t  m a ch in e  
an d  t h e  e q u ip m e n t  u s e d  i n  r e a d i n g  g a u g e s .  T h i s  e q u ip m en t  
c o n s i s t e d  o f  Budd D a t r a n  D i g i t a l  S t r a i n  I n d i c a t o r ,
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S w i t c h  a n d  B a l a n c e  U n i t ,  P o l a r i t y  T r a n s p o s e r  a n d  
P r i n t e r -  C o n t r o l  U n i t ,  a l o n g  w i t h  a  V i c t o r  D i g i t - M a t i c  
P r i n t e r .
A l l  g a u g e s  u s e d  w e r e  S e r i e s  EA S t r a i n  G auges  a s  
m a n u f a c t u r e d  by M i c r o - M e a s u r e m e n t s ,  I n c . ,  R om ulus ,  
M i c h i g a n ,  w i t h  a  g a u g e  l e n g t h  o f  o n e - s i x t e e n t h  o f  an  
i n c h .
P h o t o g r a p h  No. 9 shotirs s t r a i n  g a u g e d  s p e c i m e n s  a f t e r  
t e s t i n g .  The  a r r a n g e m e n t  o f  g a u g e  w i r e s  p a r a l l e l  t o  
t h e  l e n g t h  o f  t h e  a n g l e s  i s  p r o v i d e d  so  t h a t  t h e  
g r o o v e d  p l a t e  w a s h e r  w i l l  s t r a d d l e  t h e s e  w i r e s .
2 . 4 . k  DERIVATION OF YOUNG'S MODULUS
The d e r i v a t i o n  o f  Y o u n g ' s  M odulus  was b a s e d  on v a l u e s  o f  
s t r a i n  r e a d  f rom  e l e c t r i c a l  r e s i s t a n c e  s t r a i n  g a u g e s .  E a ch  
t e n s i o n  coupon  was f i t t e d  w i t h  one g a u g e  on e a c h  f a c e  an d  t h e  
a v e r a g e  s t r a i n  r e a d i n g s  t h u s  a v a i l a b l e  f ro m  t h e  tw o  g a u g e s  
w e r e  u s e d  i n  c a l c u l a t i n g  Y o u n g ' s  M o d u lu s .
P h o t o g r a p h  No. 10  shows two t e n s i o n  co u p o n s  a f t e r  
t e s t i n g  w i t h  t h e  g a u g e s  v i s i b l e  a d j a c e n t  t o  t h e  f r a c t u r e s .  
T h e s e  g a u g e s  a r e  t h e  same a s  t h o s e  u s e d  on c o n n e c t i o n  t e s t s .
2 . 4 . 5  MEASUREMENT OF HOLE ELONGATION
On some o f  t h e  c o n n e c t i o n  t e s t s ,  h o l e  e l o n g a t i o n  was 
m e a s u r e d  by u s e  o f  a  d i a l  g a u g e  c a l i b r a t e d  i n  t h o u s a n d t h s  o f  
a n  i n c h .  The a r r a n g e m e n t  u s e d  p r o v i d e d  a  m ea su re m e n t  o f  
t o t a l  e l o n g a t i o n  b e tw e e n  t h e  l o a d i n g  p l a t e s  and a  p o i n t  on 
t h e  s p e c im e n  J u s t  b e yond  t h e  c o n n e c t i n g  b o l t .  W i th  t h i s
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a r r a n g e m e n t ,  t h e  e l o n g a t i o n  m e a s u r e d  I n c l u d e s  some a x i a l  
s t r e t c h  o f  b o t h  t h e  a n g l e  u n d e r  t e s t  a n d  t h e  l o a d i n g  p l a t e  
I n  v i e w  o f  t h e  t o t a l  e l o n g a t i o n  o f  t h e  h o l e s  t h e s e  e f f e c t s  
a r e  q u i t e .  I n s i g n i f i c a n t .
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3 . 0  EXPERIMENTAL RESULTS 
T a b l e s  3 . 1  t o  3 . 6  I n c l u s i v e  r e c o r d  t h e  r e s u l t s  o f  
t e n s i o n  t e s t s  f o r  a l l  s t e e l s  u s e d  i n  t h e  c o n n e c t i o n  t e s t s .  
T h i s  r e c o r d  I n c l u d e s  coupon  c r o s s - s e c t i o n a l  d i m e n s i o n s ,  
y i e l d  l o a d ,  u l t i m a t e  l o a d ,  y i e l d  s t r e s s  a n d  u l t i m a t e  t e n s i l e  
s t r e s s .  I n  t h o s e  c a s e s  w h e re  more  t h a n  one  t e s t  co upon  
was made f o r  a  g i v e n  a n g l e  s i z e  i n  a g i v e n  t e s t  s e r i e s ,  
t h e  t e s t  r e s u l t s  a r e  a v e r a g e d .  T h i s  a v e r a g i n g  i s  shown 
i n  T a b l e s  3 . 2 , and  3 . 6 .
T e n s i l e  coupon  t e s t i n g  r e v e a l e d  t h e  J u s t i f i c a t i o n  f o r  
one  o f  t h e  d e s i g n  e n g i n e e r 1s c o n c e r n s  i n  u s i n g  h i g h  s t r e n g t h  
s t e e l s .  As n o t e d  i n  T a b l e  3*6  t h e  2 ,x  2 x  1 / 8  A n g le  u s e d  
f o r  T e s t s  ?01  t o  704 i n c l u s i v e  was c a l l e d  f o r  a s  RB60  s t e e l  
w i t h  a  minimum y i e l d  s t r e n g t h  o f  6 0 ,0 0 0  p . s . i .  I n  t h a t  
t h e  t e n s i o n  co u p o n s  g a v e  a n  a v e r a g e  y i e l d  s t r e n g t h  o f  
4 8 , 6 0 0  p . s . i . ,  i t  i s  o b v i o u s  t h a t  a  m i s t a k e  h a s  b e e n  made
i n  t h e  h a n d l i n g  o f  t h e  s t o c k  m a t e r i a l  u s e d  h e r e .  S u ch  a
m i s t a k e  i s  o b v i o u s l y  e a s y  t o  make and  can  h a v e  s e r i o u s
c o n s e q u e n c e s  i n  t h e  f a b r i c a t i o n  o f  a s t r u c t u r e .
T a b l e s  3 . 7  and  3 . 8  r e c o r d  t h e  r e s u l t s  o f  a l l  c o n n e c t i o n  
t e s t s .  T h e se  r e s u l t s  h a v e  b e e n  m o d i f i e d  by u s e  o f  t h e  
f o l l o w i n g  e q u a t i o n s :
«   ?________________  and ^u a  P.J t x d x c r .  t x d x < Ty u
18
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Where:  P ~ U l t i m a t e  T e s t  Load  «  P ounds
t  «  T h i c k n e s s  o f  T e s t  S p e c im en  -  I n c h e s
d «  D i a m e t e r  o f  B o l t  -* 5 / 8  i n c h e s
qv a  Y i e l d  S t r e s s  o f  M a t e r i a l — P o u n d s
^ P e r  S q u a r e  I n c h
5^  £3 U l t i m a t e  T e n s i l e  S t r e s s  o f  M a t e r i a l  ~
P o u n d s  P e r  S q u a r e  I n c h
N o te  t h a t  / v a n d  /  a r e  d i m e n s i o n l e s s  q u a n t i t i e s .
v U
A l l  o f  t h e  v a l u e s  r e c o r d e d  i n  T a b l e s  3 . 7  and  3 . 8  a r e  
t h e  a v e r a g e s  o f  t h e  n u m b e r s  o f  t e s t s  g i v e n  i n  F i g u r e  2 . 2 . 
T h u s ,  i n  t h e  e x t r e m e  c a s e s  t h e  v a l u e s  o f  / y  a n d  a r e  
b a s e d  on t h e  a v e r a g e  o f  3 o r  23 t e s t s .
3 . 1  STRAIN GAUGED TESTS
The r e s u l t s  o f  s t r a i n  g a u g e d  t e s t s -  t o  e v a l u a t e  Y o u n g f s 
M o d u lu s  a r e  g i v e n  i n  F i g u r e s  3 . 1  and  3 . 2 .  F i g u r e s  3 . 3 ,  3 * ^
3 . 5  an d  3 . 6  show s t r e s s  v e r s u s  c o n n e c t i o n  l o a d  f o r  t h e  f o u r  
s t r a i n  g a u g e d  c o n n e c t i o n  s p e c i m e n s .  N o te  t h a t  i n  t h e s e  
l a t t e r  f i g u r e s  t h e  v a l u e s  a r e  shown f o r  o n l y  t h r e e  o f  t h e  
f i v e  g a u g e s  f o r  s i m p l i c i t y  o n l y .  I n  e a c h  t e s t  t h e  r e s u l t s  
f o r  G auges  1 and  2 com pared  f a v o u r a b l y  w h i l e  Gauges  3 a n d  4 
w e r e  s i m i l a r l y  c o m p a r a b l e .
The s i g n i f i c a n t  p o i n t s  i n  t h e s e  t e s t s  a r e  t h e  r e l a t i v e l y  
lo w  l o a d s  a t  w h ic h  t h e  f i r s t  y i e l d i n g  o f  t h e  m a t e r i a l  o c c u r s .  
T a k i n g  T e s t  No. 719-A a s  an  e x a m p le ,  t h i s  s p e c im e n  f a i l e d  
t h r o u g h  t h e  edge  a t  1 1 , 8 0 0  l b s .  b u t  y i e l d i n g  o c c u r r e d  a t  t h e  
s i d e  o f  t h e  b o l t  h o l e  a d j a c e n t  t o  t h e  ed g e  a t  a l o a d  o f  300 0  l b s .
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The  s i d e  o f  t h e  h o l e  r e m o t e  f ro m  t h e  t o e  o f  t h e  a n g l e  
y i e l d e d  a t  5 , 0 0 0  l b s .  l o a d  b u t  t h e  e n d  o f  s p e c im e n  d i d  n o t  
y i e l d  u n t i l  t h e  l o a d  r e a c h e d  1 0 , 2 5 0  l b s ,
3 . 2  MEASUREMENT OF HOLE ELONGATION
F i g u r e s  3 . 7 f 3 . 8  a n d  3 . 9  r e c o r d  l o a d  v e r s u s  h o l e  e l o n g a ­
t i o n  f o r  1 / 8 , 3 / l 6 a n d  l / * t  i n c h  t h i c k  s a m p l e s  r e s p e c t i v e l y .  
T h e s e  s a m p l e s  w e r e  a l l  made w i t h  l a r g e  e n d  a n d  e d g e  d i s t a n c e s  
i n  o r d e r  t o  d e v e l o p  h i g h  v a l u e s  o f  t h e  f a i l u r e  f u n c t i o n s  / .
The  1 / 8  i n c h  t h i c k  s p e c i m e n ,  No. 316-*** t o  w h i c h  F i g u r e  
3 . 7  a p p l i e s ,  w as  l o a d e d  i n  s i n g l e  s h e a r  u s i n g  a  h i g h  s t r e n g t h  
b o l t .  I n  t h i s  c a s e  t h e  c h o i c e  o f  a  s i n g l e  s h e a r  c o n n e c t i o n  
was  n o t  a  good  c h o i c e  a s  l o a d i n g  h a d  t o  b e  s t o p p e d  b e f o r e  
t h e  a n g l e  f a i l e d  a s  t h e  p o s s i b i l i t y  o f  a  b o l t  f a i l u r e  became 
i m m i n e n t .  B o l t  f a i l u r e ,  p a r t i c u l a r l y  f a i l u r e  o f  a h i g h  
s t r e n g t h  b o l t ,  was  d e l i b e r a t e l y  a v o i d e d  b e c a u s e  o f  t h e  
p o s s i b i l i t y  o f  i n j u r y  t o  p e r s o n n e l  o r  damage t o  e q u ip m e n t  
i f  a  b o l t  s h e a r e d .  I n  t h o s e  c a s e s  w h e r e  h i g h  s t r e n g t h  b o l t s  
d i d  s h e a r  u n e x p e c t e d l y  t h e  b o l t  h e a d  l i t e r a l l y  s h o t  a c r o s s  
t h e  l a b r a t o r y  w i t h  r a t h e r  f r i g h t e n i n g  f o r c e .
The  3 / l 6  i n c h  t h i c k  s p e c i m e n ,  No. 335-**, o f  F i g u r e  3 . 8  
f a i l e d  p r e m a t u r e l y  a s  i n d i c a t e d  i n  t h e  f i g u r e .  T h i s  f a i l u r e  
o f  c o u r s e  t e r m i n a t e d  t h e  t e s t .  I n  t h e  c a s e  o f  t h e  l / k  i n c h  
t h i c k  s p e c i m e n ,  No. 36?~**, f a i l u r e  was n o t  r e a c h e d  a s  l o a d ­
i n g  was  s t o p p e d  t o  e l i m i n a t e  d o u b l e  s h e a r  f a i l u r e  o f  t h e  
b o l t .  The t h r e e  t e s t  p i e c e s  o f  t h i s  s e r i e s  a r e  shown i n  
P h o t o g r a p h  No. 1 1 .
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3 . 3  TYPES OF FAILURES
D i s r e g a r d i n g  t h e  few  t e s t s  w here  b o l t  f a i l u r e  o c c u r r e d ,  
v /h ich  a r e  n o t  o f  I m m e d ia te  i n t e r e s t  i n  t h i s  s t u d y ,  t h e  a n g l e  
f a i l u r e s  a r e  b r o a d l y  d e s i g n a t e d  a s  end  o r  edge  f a i l u r e s  a s  
shown i n  F i g u r e  3 . 1 0 .  T h i s  f i g u r e  c l e a r l y  i n d i c a t e s  t h a t  
f a i l u r e  t h r o u g h  e i t h e r  t h e  end  o r  edge  o f  a spec imen i s  a  
d i s t i n c t  f u n c t i o n  o f  t h e  p a r t i c u l a r  c o m b i n a t i o n  o f  e d g e  and  
e n d  d i s t a n c e  i n v o l v e d .  A l s o  i n d i c a t e d  i s  t h e  d e f i n i t e  
t r a n s i t i o n  l i n e  b e tw e e n  f a i l u r e  t y p e s  w h e t h e r  e i t h e r  e n d  o r  
e d g e  t y p e  f a i l u r e s  ca n  o c c u r .
More p a r t i c u l a r l y ,  f a i l u r e  t y p e s  c a n  be  c l a s s i f i e d  i n t o  
f o u r  t y p e s  somewhat a s  d o n e  by W i n t e r  ( 8 ) .  T h e se  t y p e s  a r e :
I .  F a i l u r e  o f  t h e  e n d  i n  a  d i s t i n c t  c o m b i n a t i o n  o f  
b e n d i n g  and  s h e a r  a c t i n g  u p o n  t h e  p o r t i o n  o f  t h e  
member b e tw e e n  t h e  end and  t h e  b o l t  h o l e .  The
t o p  s p e c im e n  i n  P h o t o g r a p h  No. 9 shows t h i s  f a i l u r e  
t y p e .
I I .  F a i l u r e  o f  t h e  e n d  a l o n g  two d i s t i n c t  i n c l i n e d  
s h e a r i n g - t e a r i n g  p l a n e s  r a d i a t i n g  f rom t h e  s i d e s  
o f  t h e  h o l e  t o w a r d  t h e  en d  o f  t h e  s p e c i m e n ,
I I I .  F a i l u r e  o f  t h e  e n d ,  a s  i n  Type I I ,  a l o n g  two 
d i s t i n c t  i n c l i n e d  s h e a r i n g - t e a r i n g  p l a n e s  r a d i a t i n g  
f rom  t h e  s i d e s  o f  t h e  h o l e  t o w a r d  t h e  e n d  o f  t h e  
s p e c i m e n ,  a c c o m p a n ie d  by n o t i c e a b l e  p l l i n g - u p  o f  
t h e  m a t e r i a l  i n  f r o n t  o f  t h e  b o l t .
IV .  F a i l u r e  a t  t h e  e d g e  o f  t h e  s p e c im e n  w i t h  t h e  
f r a c t u r e  o r i g i n a t i n g  a t  t h e  edge  o f  t h e  h o l e ,
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p r o g r e s s i n g  t o  t h e  t o e  o f  t h e  a n g l e  a n d  a c c o m p a n ie d  
by  n e c k i n g  down o f  t h e  edge  m a t e r i a l .
T h e se  f a i l u r e  t y p e s  a r e  i l l u s t r a t e d  by p h o t o g r a p h s  12 
an d  1 3 .  P h o t o g r a p h  No. 12  shows t h e  p a t t e r n  o f  f a i l u r e s  f o r  
a c o n s t a n t  1- 1 / 8  i n c h  e d g e  d i s t a n c e  w i t h  end  d i s t a n c e s  
r a n g i n g  f rom 3 / 4  i n c h  t o  2 I n c h e s  i n  1 / 8  i n c h  I n c r e m e n t s .  
P h o t o g r a p h  No. 13 shows f a i l u r e s  f o r  a  c o n s t a n t  1—1 / 8  i n c h  
end  d i s t a n c e  f o r  edge  d i s t a n c e s  f rom  5 / 8  i n c h  t o  1 - 3 / 8  i n c h e s
i n  i n c r e m e n t s  o f  1 / 8  i n c h .  a
As shown by t h e  two s p e c i m e n s  on t h e  l e f t . t o f  p h o t o g r a p h  
No. 1 2 , Type I  f a i l u r e s  o c c u r  o n l y  w i t h  v e r y  s h o r t  en d  
d i s t a n c e s .  I n  a l l  c a s e s  o f  Type  I I  an d  I I I  f a i l u r e s  t h e  
a c t u a l  f i n a l  f a i l u r e  and  d r o p - o f f  o f  t h e  l o a d  o c c u r r e d  o n ly
when a  c r a c k  fo rm e d  a t  t h e  e x t r e m e  e n d  o f  t h e  s p e c i m e n  and
p r o p o g a t e d  I n w a rd  t o  J o i n  one  o f  t h e  c r a c k s  p r o p o g a t i n g  f rom  
t h e  edge  o f  t h e  h o l e  t o w a r d  t h e  end  o f  t h e  s p e c i m e n .  Type I I  . 
and  I I I  f a i l u r e s  a r e  b a s i c a l l y  t h e  same b u t  Type I I I  was more 
n o t i c e a b l e  i n  3 / 1 6  a n d  1 / 4  i n c h  t h i c k  m a t e r i a l  t h a n  i n  1 / 8  
i n c h  t h i c k  m a t e r i a l .  A l s o ,  a n d  q u i t e  o b v i o u s l y ,  Type  I I  
f a i l u r e s  o c c u r  w i t h  s h o r t e r  e n d  d i s t a n c e s  t h a n  t h o s e  w h ic h  
d e v e l o p  Type I I I  f a i l u r e s .
A s e c o n d a r y  e f f e c t  was n o t i c e d  i n  t h e  c a s e  o f  some 1 / 4  
i n c h  t h i c k  h i g h  s t r e n g t h  a n g l e s .  T h i s  was  t h e  b e n d i n g  o f  t h e  
b o l t e d  l e g  o f  t h e  s p e c im e n  o u t s i d e  t h e  p l a n e  o f  t h a t  l e g .  
P h o t o g r a p h  No. 14  I l l u s t r a t e s  t h e  n a t u r e  o f  t h i s  l o c a l i z e d  
b e n d i n g .
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I n  m os t  c a s e s  t h e  o v e r a l l  b e n d i n g  o f  t h e  s p e c i m e n s ,  
d u e  t o  t h e  e c c e n t r i c  a p p l i c a t i o n  o f  t h e  l o a d  r e l a t i v e  t o  
t h e  n e u t r a l  a x i s  o f  t h e  c r o s s - s e c t i o n ,  was  q u i t e  a p p a r e n t .  
T h i s  e f f e c t  showed u p  o n l y  a t  o r  v e r y  n e a r  t h e  u l t i m a t e  
l o a d  b u t  a t  t h i s  l o a d  t h e  e f f e c t  was q u i t e  p r o n o u n c e d  i n  
some c a s e s .  P h o t o g r a p h  No. 1 2  i l l u s t r a t e s  t h i s  b e n d i n g  
i n  some o f  t h e  s p e c i m e n s .
E lo n g a t io n  o f  b o l t  h o l e s  a t f a i l u r e  I s  an e x p e c te d  
r e s u l t  which Photographs 12 and 13 c l e a r l y  i n d i c a t e .
3 . 4  ERRATIC RESULTS
R ev iew  o f  i n d i v i d u a l  r e s u l t s  i n  t e r m s  o f  t h e  d i m e n s i o n -  
l e s s  q u a n t i t i e s  /  r e v e a l e d  t h a t  some q u i t e  e r r a t i c  r e s u l t s  
w e r e  o b t a i n e d .  When i t  i s  r e c a l l e d  t h a t  a l l  s p e c i m e n s  
w e r e  p r o d u c e d  a s  r e g u l a r  p r o d u c t i o n  w o rk  i n  a  s t r u c t u r a l  
s t e e l  f a b r i c a t i n g  s h o p  a n d  no a t t e m p t  was made t o  s e l e c t  
m a t e r i a l  w h i c h  c o n fo rm e d  e x a c t l y  t o  i t s  s p e c i f i e d  s i z e  t h e n  
I t  i s  o b v i o u s  t h a t  e r r a t i c  r e s u l t s  s h o u l d  b e  e x p e c t e d .
C .S .A .  S p e c i f i c a t i o n  G 40 .1  «  1 9 6 6 , R e f e r e n c e  9 ,  p e r m i t s  
t h e  w i d t h  o f  .2 o r  3 i n c h  a n g l e s  t o  u n d e r r u n  b y  a  maximum o f  
l / l 6 i n c h .  I n  p r a c t i c e  t h e  g a u g e  d i s t a n c e  may o v e r - r u n  by 
1 / 3 2  i n c h ,  t h u s  t h e  ed g e  d i s t a n c e  may u n d e r - r u n  by  a  t o t a l  
o f  3 / 3 2  i n c h .  S u c h  an  u n d e r - r u n  when c o m p a re d  w i t h  t h e  n e t  
w i d t h  o f  a  5 / 8  i n c h  ed g e  d i s t a n c e  r e p r e s e n t s  a  30% l o s s  o f  
e f f e c t i v e  a r e a .  A l s o ,  C .S .A .  G 4 0 . 1 - 1 9 6 6  p e r m i t s  t h e  t h i c k ­
n e s s  o f  2 t o  3 i n c h  w id e  a n g l e s  t o  u n d e r - r u n  by  a s  much a s  
6.9%
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As m e n t i o n e d  u n d e r  3 - 0 ,  " E x p e r i m e n t a l  R e s u l t s " ,  a 
m a t e r i a l  mixup o c c u r r e d  i n  t h e  f a b r i c a t i o n  o f  T e s t  P i e c e s  
701  t o  70^ i n c l u s i v e .  The d e t e c t i o n  o f  t h i s  o b v i o u s  
e r r o r  i n  one c a s e  a u t o m a t i c a l l y  i n t r o d u c e s  t h e  p o s s i b i l i t y  
t h a t  s i m i l a r  e r r o r s  may h a v e  o c c u r r e d  i n  o t h e r  c a s e s .
Thus t h e  c o m b i n a t i o n  o f  s e c t i o n s  w h i c h  u n d e r - r u n ,  
g a u g e  d i s t a n c e s  w h i c h  o v e r - r u n  an d  t h e  p o s s i b i l i t y  o f  t h e  
w ro n g  m a t e r i a l  b e i n g  u s e d  i n t r o d u c e s  a  s t r o n g  p o s s i b i l i t y  
o f  e r r a t i c  r e s u l t s  a n d  t h e s e  a r e  a c c e p t e d  a s  3, n a t u r a l  
r e s u l t  o f  t h e  g e n e r a l  c o n d i t i o n s  p r e v a i l i n g  i n : t h e s e  t e s t s .
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4 . 0  ULTIMATE LOADS AND FAILURE FORMULAE 
As i n d i c a t e d  u n d e r  " E x p e r i m e n t a l  R e s u l t s " ,  a l l  u l t i m a t e  
t e s t  l o a d s  w e re  c o n v e r t e d  i n t o  t h e  q u a n t i t i e s  f6y  and  
w h i c h  a r e  f u n c t i o n s  o f  t h e  y i e l d  s t r e s s  a n d  u l t i m a t e  t e n s i l e  
s t r e s s  r e s p e c t i v e l y .  The fo rm  o f  $  i s  a t t r i b u t a b l e  more  
o r  l e s s  d i r e c t l y  t o  t h e  w o rk  r e p o r t e d  by  W i n t e r  ( 8 ) f o r  h i s  
Type  I  a n d  I I  f a i l u r e s .  ^
I n  F i g u r e s  4 . 1  an d  4 . 2 ,  fiy i s  p l o t t e d  a g a i n s t  e d g e  
d i s t a n c e  f o r  v a r i o u s  v a l u e s  o f  end  d i s t a n c e .  T h e s e  f i g u r e s  
a r e  a l i k e  e x c e p t  f o r  t h e  end  d i s t a n c e s  r e p r e s e n t e d  i n  e a c h .
Two f i g u r e s  h a v e  b e e n  u s e d  t o  a v o i d  t h e  c o n f u s i o n  o f  p o i n t s  
w h i c h  r e s u l t s  f rom  s u p e r i m p o s i n g  t o o  many p o i n t s  on one  
f i g u r e .  I n  e a c h  c a s e ,  f o r  a  g i v e n  end  d i s t a n c e  t h e  a v e r a g e  
v a l u e  o f  tfy f o r  e n d  f a i l u r e s  h a s  b e e n  i n d i c a t e d  by  a  
h o r i z o n t a l  d a s h e d  l i n e .  The l e n g t h  a n d  h o r i z o n t a l  l o c a t i o n  
o f  t h e s e  l i n e s  i n d i c a t e  t h e  r a n g e  o f  e d g e  d i s t a n c e s  o v e r  
w h i c h  t h e y  a p p l y .  T h e s e  r a n g e s  i n  t u r n  a r e  a s  i n d i c a t e d  i n  
F i g u r e  3 - 1 0  f o r  en d  f a i l u r e s .
The a v e r a g e  v a l u e s  o f  F i g u r e s  4 . 1  a n d  4 . 2  f o r  e n d  
f a i l u r e s  a r e  shown i n  F i g u r e  4 . 3  w i t h  p l o t t e d  a g a i n s t  
e n d  d i s t a n c e .  N o te  t h a t  t h i s  f i g u r e  r e p r e s e n t s  e n d  f a i l u r e s  
o n l y .  F o r  e a c h  o f  t h e  p l o t t e d  p o i n t s  t h e  a v e r a g e  v a l u e  o f  
t h e  f u n c t i o n  I s  shown a l o n g  w i t h  t h e  nu m b er  o f  t e s t s  
r e p r e s e n t e d  by t h e  a v e r a g e .  Use o f  t h e s e  p o i n t s  w i t h  t h e
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m e th o d  o f  l e a e t  s q u a r e s  an d  r e g r e s s i o n ,  s e e  N e v i l l e  a n d  
K ennedy  R e f e r e n c e  ( 1 2 ) ,  g i v e s  t h e  e x p r e s s i o n
i  «  2 . 0 1 1  x  + 0 . 3 7 4  ( 4 . 1 )
Where x  « End d i s t a n c e  in  in c h e s  
T h is  l i n e  i s  shown in  F igu re  4 .3  by th e  dashed  l i n e .  The 
c a l c u l a t i o n  o f  t h i s  e q u a t io n  i s  g iv en  in  Appendix A as  an 
example o f  th e  l e a s t  squares and r e g r e s s i o n  method.
I n  a  s i m i l a r  m an n e r ,  t h e  p l o t t i n g  o f  a g a i n s t  end 
d i s t a n c e  i n  F i g u r e  4 . 4  and  a v e r a g i n g  v a l u e s  o f  t h e  f u n c t i o n  
f o r  e d g e  f a i l u r e s  a t  p a r t i c u l a r  v a l u e s  o f  e d g e  d i s t a n c e  
l e a d s  t o  F i g u r e  4 . 5 .  T h i s  f i g u r e  i s  s i m i l a r  t o  F i g u r e  4 . 3  
w h i c h  I n d i c a t e s  t h e  v a r i a t i o n  o f  w i t h  e n d  d i s t a n c e  f o r  
en d  f a i l u r e s ,  w h i l e  f i g u r e  4 . 5  i n d i c a t e s  t h e  v a r i a t i o n  o f  
w i t h  e d g e  d i s t a n c e  f o r  e d g e  f a i l u r e s .
I n  F i g u r e  4 . 5  t h e  l i n e a r  e q u a t i o n  d e r i v e d  by t h e  
m e th o d  o f  l e a s t - s q u a r e s  an d  r e g r e s s i o n  i s :
jzL s  4 .0 2 4 5  y -  0 . 6 8 7  ( 4 . 2 )
v
Where y  «  Edge d i s t a n c e  i n  i n c h e s  
T h i s  l i n e  i s  shown by  t h e  d a s h e d  l i n e  i n  F i g u r e  4 . 5  
a n d  h a s  a l s o  b e e n  shown i n  F i g u r e s  4 . 1  a n d  4 . 2 .  S i m i l a r l y ,  
E q u a t i o n  4 . 1  h a s  b e e n  p l o t t e d  i n  F i g u r e  4 . 4 .
k . l  FAILURE FORMULAE BASED ON ULTIMATE TENSILE STRENGTH 
A l l  o f  t h e  F i g u r e s  4 . 1  t o  4 . 5  I n c l u s i v e  and  t h e  two 
e q u a t i o n s  4 . 1  and  4 . 2  i n d i c a t e  t h e  v a r i a t i o n s  o f  w h i c h  i s
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d e f i n e d  a s  a  f u n c t i o n  o f  y i e l d  s t r e s s .  W i t h  t h e  s u b s t i t u t i o n  
o f  jrfu  f o r  jrfy o r  u l t i m a t e  t e n s i l e  s t r e s s  f o r  y i e l d  s t r e s s ,
F i g u r e s  4 . 6  t o  4 . 1 0  r e s u l t .  A g a in ,  by u s i n g  t h e  m e th o d  o f  
l e a s t  s q u a r e s  and  r e g r e s s i o n  t h e  r e l a t i o n s h i p s  b e tw e e n  t h e  
f u n c t i o n  and  end  an d  edge  d i s t a n c e s  a r e :
a  1 . 4 4 7 *  + 0 . 2 6 8  ( 4 . 3 )
a  3 . 0 5 8  y -  0 . 6 5 0  ( 4 . 4 )
Where 'x -  End D i s t a n c e  i n  I n c h e s  
Where y a  Edge D i s t a n c e  i n  I n c h e s  
T h e s e  l i n e s  a r e  shown a s  d a s h e d  l i n e s  i n  F i g u r e s  4 . 8
a n d  4 . 1 0  r e s p e c t i v e l y ,  and  h a v e  i n  t u r n  b e e n  s u p e r i m p o s e d
on F i g u r e s  4 . 9 ,  4 . 6  arid 4 . 7 .
I t  can  be  n o t e d  h e r e  t h a t  E q u a t i o n s  4 . 3  and  4 . 4  f o r  / u , 
when t a k e n  s i m u l t a n e o u s l y ,  d e f i n e  two p l a n e s  i n  t h e  t h r e e  
d i m e n s i o n a l  x ,  y ,  c o - o r d i n a t e  s y s t e m .  S i m i l a r l y ,  E q u a t i o n s
4 . 1  a n d  4 . 2  d e f i n e  two p l a n e s  i n  t h e  x ,  y ,  ^y  c o - o r d i n a t e  
s y s t e m .  More i s  s a i d  a b o u t  t h e s e  d o u b l e  p l a n e s  l a t e r .
4 . 2  STATISTICAL BASIS OF FAILURE FORMULAE
F o r  t h e  f o u r  E q u a t i o n s  4 . 1  t o  4 . 4  a  c h e c k  o f  t h e  
c o r r e l a t i o n  o f  e a c h  was c a r r i e d  o u t  u s i n g  t h e  m e th o d s  o f  
N e v i l l e  an d  Kennedy  ( 1 2 ) .  T h i s  s t u d y  i n d i c a t e d  t h a t  f o r  e a c h  
l i n e  t h e  c o r r e l a t i o n  i s  v i r t u a l l y  p e r f e c t .  An exam ple  o f  
t h e s e  c a l c u l a t i o n s  i s  c o n t a i n e d  i n  A p p e n d ix  A. The c o r r e l a t i o n  
c o e f f i c i e n t s  f o u n d  a r e :
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E q u a t i o n 4 . 1 r « 0 . 9 9 7
E q u a t i o n 4 . 2 r 0 . 9 9 4
E q u a t i o n 4 . 3 r c-» 0 . 9 9 8
E q u a t i o n 4 . 4 r 0 . 9 9 8
I n  o r d e r  t o  J u s t i f y  t h e  u s e  o f  t h e  m e th o d  o f  l e a s t  
s q u a r e s  and  r e g r e s s i o n  i n  a r r i v i n g  a t  E q u a t i o n s  4 . 1  t o  4 . 4 ,  
B a r t l e t t ' s  T e s t  was  p e r f o r m e d  t o  com pare  t h e  v a r i a n c e s  o f  
t h e  d a t a .  F o r  s i m p l i c i t y  t h e s e  t e s t s  w e r e  p e r f o r m e d  on mean 
v a l u e s  o f  t h e  f u n c t i o n  $  r a t h e r  t h a n  i n d i v i d u a l  v a l u e s .
T h i s  s i m p l i f i c a t i o n  i s  J u s t i f i e d  when i t  i s  o b s e r v e d  t h a t  
i n  F i g u r e  4 . 3  f o r  e x a m p le ,  one  p o i n t  i s  t h e  mean o f  1 1 2  t e s t s .  
T h i s  same p o i n t  I s  r e p r e s e n t e d  I n  F i g u r e  4 . 1  by t h e  
h o r i z o n t a l  d a s h e d  l i n e  l a b e l l e d  l w End,  Ave.  2 . 4 6 ? .  The 
a v e r a g e  i n  t h i s  c a s e  i s  d e r i v e d  f rom  t h e  f i v e  p l o t t e d  p o i n t s  
o f  F i g u r e  4 . 1 .  T h u s ,  i n  B a r t l e t t ' s  T e s t  f o r  t h e  d a t a  o f  
F i g u r e  4 . 3  a n a  v a l u e  o f  5 r e p l a c e d  a n  n o f  1 1 2 . The  r e d u c t i o n  
I n  c o m p u t a t i o n a l  e f f o r t  i s  t h u s  o b v i o u s .
F o r  a l l  f o u r  B a r t l e t t ' s  T e s t s  t h e  r e s u l t s  i n d i c a t e  t h a t  
t h e  v a r i a n c e s  a r e  hom ogeneous  an d  a s  s u c h  t h e  u s e  o f  t h e  
m e th o d s  o f  l e a s t  s q u a r e s  a n d  r e g r e s s i o n  i s  p e r m i s s i b l e .  The
p
v a l u e s  o f  % a s  c a l c u l a t e d  a r e  g i v e n  b e lo w  a l o n g  w i t h  
t a b u l a t e d  v a l u e s  f o r  a  1 0 % l e v e l  o f  s i g n i f i c a n c e .  A sam ple  
c a l c u l a t i o n  i s  c o n t a i n e d  i n  A p p e n d ix  "A11.
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V a l u e s  o f
E q u a t i o n  No. C a l c u l a t e d  T a b u l a t e d ,  1 0 #
4 . 1  1 3 . 2 8 9  1 5 . 5 0 7
it-. 2 9 . 7 ^ 5  1 1 . 0 5 0
4 . 3  8 . 2 9 8  1 5 . 5 0 7
4 . 4  6 . 6 4 5  1 1 . 0 5 0
I n  a d d i t i o n  t o  t h e  a b o v e  n o t e d  s t a t i s t i c a l  i n v e s t i g a t i o n s
a l l  o f  t h e  v a l u e s  o f  / L  a n d  f o r  c o n s t a n t  e n d  d i s t a n c e sy u
a s  p l o t t e d  I n  F i g u r e s  4 . 1 ,  4 . 2 ,  4 . 6  and  4 . 7  an d  t h e  v a l u e s  f o r  
c o n s t a n t  e d g e  d i s t a n c e s  p l o t t e d  i n  F i g u r e s  4 . 4  a n d  4 . 9  w e re  
i n v e s t i g a t e d  s t a t i s t i c a l l y .  I n  e a c h  c a s e  t h e  m e th o d  o f  
l e a s t  s q u a r e s  an d  r e g r e s s i o n  was u s e d  t o  o b t a i n  t h e  r e g r e s s i o n  
l i n e  o v e r  t h e  a p p r o p r i a t e  r a n g e .  F o r  e a c h  r e g r e s s i o n  l i n e  
t h u s  d e r i v e d  t h e  s l o p e  was t e s t e d  f o r  s i g n i f i c a n t  d i f f e r e n c e  
f ro m  z e r o .  T h e s e  t e s t s  i n d i c a t e  t h a t  o f  t h e  t h i r t y  
r e g r e s s i o n  l i n e s  t h u s  I n v e s t i g a t e d  f o u r  a r e  d i f f e r e n t  f ro m  
z e r o  a t  t h e  t e n  p e r  c e n t  l e v e l  o f  s i g n i f i c a n c e .  The 
s t a t i s t i c a l  s i g n i f i c a n c e  o f  f o u r  i n  t h i r t y  was n o t  i n v e s t i g a t e d  
a n d  t h e  a v e r a g e  v a l u e s  o f  $  f o r  c o n s t a n t  end  an d  e d g e  
v a l u e s  w e re  u s e d  i n  d e v e l o p i n g  e q u a t i o n s  4 . 1  t o  4 . 4  a s  
p r e v i o u s l y  d e s c r i b e d .
4 . 3  CONFIDENCE LIMITS FOR FAILURE FORMULAE
F o r  t h e  f a i l u r e  f o r m u l a e  g i v e n  i n  S e c t i o n  4 . 1  i t  s h o u l d  
b e  n o t e d  t h a t  t h e  f a i l u r e  f u n c t i o n  & i s  a n  e s t i m a t e .  U s in g  
t h e  m e th o d s  o f  N e v i l l e  and  Kennedy  ( 1 2 ) ,  t h e  c o n f i d e n c e  l i m i t s  
o f  t h e  r e g r e s s i o n  e s t i m a t e s  w e r e  c a l c u l a t e d  f o r  e a c h  f o r m u l a .
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As p o i n t e d  o u t  i n  R e f e r e n c e  (1 2 )  t h e s e  c a l c u l a t i o n s  l e a d  
t o  a  h y p e r b o l i c  c u r v e ,  w h i c h  may be  m a t h e m a t i c a l l y  
c o r r e c t  b u t  i s  i n c o n v e n i e n t  t o  u s e  i n  p r a c t i c e .
F .  S. A c to n  i n  h i s  b o o k  " A n a l y s i s  o f  S t r a i g h t  L i n e  
D a t a " ,  R e f e r e n c e  (1 3 )  g i v e s  a  m e th o d  o f  c o n v e r t i n g  t h e  
c o n f i d e n c e  l i m i t s  f rom  t h e i r  h y p e r b o l i c  fo rm  t o  two 
s t r a i g h t  l i n e s .  O b v i o u s l y  t h e  two s t r a i g h t  l i n e s  a r e  
p r e f e r a b l e  f o r  p r a c t i c a l  p u r p o s e s  b u t  n o t  a s  c o n v e n i e n t  a s  
a  s i n g l e  s t r a i g h t  l i n e .  When i t  i s  r e m em b ered  t h a t  i t  i s  
h o p e d  t h a t  t h e  r e s u l t s  c o n t a i n e d  h e r e  w i l l  be  p u t  i n t o  
d a l l y  u s e  i n  i n d u s t r y  t h e  p o s s i b l e  c o n v e n i e n c e  o f  a  s i n g l e  
s t r a i g h t  l i n e  i s  q u i t e  a p p a r e n t .  W i th  t h i s  i n  m ind  t h e  
f o l l o w i n g  a p p r o x i m a t i o n  was  i n t r o d u c e d .
B e c au se  o f  t h e  symmetry  o f  t h e  c o n f i d e n c e  l i m i t s  
a b o u t  t h e  mean v a l u e  o f  t h e  f u n c t i o n ,  t h e  c o n f i d e n c e  i n t e r v a l  
a t  two p o i n t s  e q u a l l y  s p a c e d  above  o r  b e lo w  x  o r  y a r e
e q u a l .  A l s o ,  t h e  c o n f i d e n c e  i n t e r v a l  i n c r e a s e s  w i t h
i n c r e a s i n g  d i s t a n c e  f rom  t h e  mean v a l u e  o f  x  o r  y .  T a k in g  
t h e  r e g r e s s i o n  l i n e  o f  F i g u r e  4 . 3  a s  a n  exam ple  t h e  mean 
v a l u e  o f  end  d i s t a n c e  x  i s  1 - 1 / 4  i n c h e s .  Thus t h e  
c o n f i d e n c e  i n t e r v a l  a t  two p o i n t s  e q u a l l y  s p a c e d  a b o v e  o r  
b e lo w  x e q u a l  t o  1 - 1 / 4  I n c h e s  a r e  e q u a l .  I f  now we 
c a l c u l a t e  a  g i v e n  c o n f i d e n c e  i n t e r v a l  a t  t h e  p o i n t s  most
d i s t a n c e  f rom  t h e  mean v a l u e  o f  x  , t h a t  i s  a t  3 / 4  a n d  1- 3 / 4
i n c h e s  and a p p l y  t h i s  i n t e r v a l  o v e r  t h e  c o m p l e t e  r a n g e  shown, 
we h a v e  a l i n e  w h ic h  p o s s e s s e s  t h e  g i v e n  l e v e l  o f  s i g n i f i c a n c e  
a t  i t s  e x t r e m e  e n d s  and  a  l e s s e r  l e v e l  o f  s i g n i f i c a n c e  a t  o t h e r  
p o i n t s .
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A p p en d ix  A c o n t a i n s  t h e  c a l c u l a t i o n  o f  t h e  c o n f i d e n c e  
l i m i t s  f o r  E q u a t i o n  4 . 1  w h i c h  l e a d s  t o  t h e  E q u a t i o n
jrf a  2 .0 1 1  X *  0 . 2 7 9  ( 4 . 5 )
V
T h i s  l i n e  i s  shown i n  F i g u r e  4 . 3  and  i n d i c a t e s  t h e  v a l u e  
o f  a t  t h e  t e n  p e r  c e n t  l e v e l  o f  s i g n i f i c a n c e .
S i m i l a r  c a l c u l a t i o n s  g i v e :
£ 2  4 . 0 2 4  y ~  0 . 9 0 1  ( 4 . 6 )
y
s  1 . 4 4 7  x  f  0 . 2 0 8  * ( 4 . 7 )
fSu a  3 . 0 5 8  y -  0 . 7 4 5  ■ ( 4 . 8 )
T h e s e  l i n e s  a r e  e a c h  shown i n  F i g u r e s  4 . 5 .  4 . 8 ,  a n d  4 . 1 0
r e s p e c t i v e l y  and  e a c h  r e p r e s e n t s  t h e  g i v e n  f u n c t i o n  a t  t h e  
t e n  p e r  c e n t  l e v e l  o f  s i g n i f i c a n c e .
4 . 4  RANGE OF END AND EDGE FAILURES
As m e n t i o n e d . i n  S e c t i o n  4 . 1  t h e  f o r e g o i n g  e q u a t i o n s  f o r  
a n d  e a c h  o c c u r  i n  p a i r s  a s  f u n c t i o n s  o f  x  a n d  y t h u s
d e f i n i n g  two p l a n e s  i n  t h e  x ,  y ,  fS a n d  x ,  y  £
• v  U
c o - o r d i n a t e  s y s t e m s  r e s p e c t i v e l y .  By c o m b i n i n g  t h e  e q u a t i o n s  
o f  t h e  p r e c e d i n g  s e c t i o n  t h e  f o l l o w i n g  e q u a t i o n s  r e s u l t .
I n  t h e  x ,  y ,  £y  s y s t e m  y a  0 . 5 0 0  x  *  0 . 2 9 3  ( 4 . 9 )
I n  t h e  x ,  y ,  £u s y s t e m  y a  0 . 4 7 3  x  + 0 . 3 1 2  ( 4 . 1 0 )
T h e s e  e q u a t i o n s  d e f i n e  t h e  d i v i d i n g  l i n e  b e t w e e n  end and  edge 
t y p e  f a i l u r e s  i n  t h e  x -  y p l a n e .  S u p e r i m p o s i n g  t h e s e  e q u a t i o n s  
on F i g u r e  3 . 1  g i v e s  F i g u r e  4 . 1 1 .  The a g r e e m e n t  b e t w e e n  t h e s e  
l i n e s  w i t h  t h o s e  c o m b i n a t i o n s  o f  end  a n d  ed g e  d i s t a n c e s  w h ich  
p r o d u c e d  b o t h  end  and edge  t y p e  f a i l u r e s  s h o u l d  be  n o t e d .
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5 . 0  COMPARISON OF RESULTS WITH TESTS ON FLAT BARS
G eorge  W i n t e r ,  i n  h i s  p a p e r  " T e s t s  on B o l t e d  C o n n e c t i o n s  
i n  L i g h t  Gage S t e e l " ,  ( 8 ) f o u n d  t h a t  f a i l u r e s  w h i c h  c o r r e s p o n d  
w i t h  T y p e s  I ,  I I  an d  I I I  a s  u s e d  h e r e ,  g r o u p  i n  a  s a t i s ­
f a c t o r y  m an n e r  a r o u n d  t h e  s t r a i g h t  l i n e
P R l . f t O e  ( 5 - 1 )
Where P ,  Oy an d  t  a r e  a s  p r e v i o u s l y  d e f i n e d  
W h i le  e «  End D i s t a n c e  x  a s  u s e d  h e r e i n  
I f  t h i s  e q u a t i o n  i s  r e - w r i t t e n  i n  t e r m s  o f  t h e  f a i l u r e  
f u n c t i o n  / y  t h e  r e s u l t  i s
$ S  P 3  1 .4 0  x
y a x t  x or d
y
. S u b s t i t u t i o n  o f  0 . 6 2 5  i n c h e s  f o r  t h e  b o l t  d i a m e t e r  d  
g i v e s  t h e  f o l l o w i n g  s t r a i g h t  l i n e  w h i c h  h a s  b e e n  shown i n  
F i g u r e  4 . 3
fS 3  2 . 2 4  x  ^  (5 . 2 )
y
The a g r e e m e n t  b e tw e e n  t h i s  e x p r e s s i o n  and  e q u a t i o n s
4 . 1  a n d  4 . 5  i s  q u i t e  good .
W i n t e r  i n d i c a t e s  t h a t  E q u a t i o n  5 . 1  a p p l i e s  f o r  v a l u e s  - 
o f  x / d  n o t  e x c e e d i n g  3 . 5
T h i s  l i m i t  c an  be  r e s t a t e d  f o r  5 / 8  i n c h  d i a m e t e r  b o l t s  
a s  x n o t  e x c e e d i n g  2 . 1 9  i n c h e s .  Use o f  t h i s  u p p e r  l i m i t  
g i v e s
/ y Max £  2 . 2 4  x 2 . 1 9  s  4 . 9 1
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F o r  t h e  t e s t s  r e p o r t e d  h e r e i n ,  an end  f a i l u r e  was 
n o t  p r o d u c e d  a t  a v a l u e  o f  x a s  h i g h  a s  2 . 1 9  i n c h e s  and  a 
v a l u e  o f  jzfy a s  h i g h  a s  *t.91 was n o t  p r o d u c e d .  T h u s ,
W i n t e r ' s  u p p e r  l i m i t  i s  n o t  c o n f i r m e d  i n  t h e s e  t e s t s  b u t  
n e i t h e r  i s  i t  r e f u t e d .  I n  t h o s e  c a s e s  w h e re  x  was 
g r e a t e r  t h a n  2 . 1 9 , end f a i l u r e  was n o t  o b t a i n e d  a s  edge  
f a i l u r e  o c c u r r e d  f i r s t .  The h i g h e s t  a v e r a g e  v a l u e  o f  / y 
o b t a i n e d  was k. ?8b  f o r  an  end  and  edge  d i s t a n c e  o f  2 i n c h e s  
a n d  1 - 3 / 3  i n c h e s  r e s p e c t i v e l y .  The t e s t  o f  F i g u r e  3*7 w i t h  
an  x o f  2 i n c h e s  was l o a d e d  t o  a  maximum /  v a l u e  o f
v
^ . 6  w i t h o u t  f a i l u r e  t h u s  a p p r o a c h i n g  W i n t e r ' s  maxiraums.
F o r  t r a n s v e r s e  t e a r i n g  W i n t e r  s u g g e s t s  t h a t  t h e s e  
f a i l u r e s  can  be r e p r e s e n t e d  by
cr -  ( 0 . 1 0  *  3 . 0  d )  or ts 6T. ( 5 . 3 )
8
Where a  S t r e s s  on t h e  Net  S e c t i o n  -  P . S . I .
si U l t i m a t e  T e n s i l e  S t r e s s  -  P . S . I ,  
d  «  B o l t  D i a m e t e r  -  I n c h e s
8 «  W id th  o f  B ar  «  I n c h e s
T h i s  e x p r e s s i o n  a p p l i e s  t o  s i n g l e  b o l t e d  b a r s  o f  w i d t h  
s w i t h  t h e  b o l t  on t h e  l o n g i t u d i n a l  c e n t r e  l i n e  o f  t h e  b a r .  
F o r  c o m p a r i s o n  w i t h  t h e  f a i l u r e  f o r m u l a e  d e v e l o p e d  h e r e i n  
f o r  a n g l e s ,  t h e  w i d t h  o f  t h e  e q u i v a l e n t  f l a t  b a r  must  be  
c a l c u l a t e d .
R e f e r e n c e  (1 4 )  d e f i n e s  t h e  n e t  s e c t i o n  o f  a s i n g l e  a n g l e  
c o n n e c t e d  by  one l e g  as  t h e  n e t  a r e a  o f  t h e  c o n n e c t e d  l e g  p l u s  
one h a l f  o f  t h e  a r e a  o f  t h e  u n c o n n e c t e d  l e g .  U s in g  t h i s
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c r i t e r i a  and  a s s u m i n g  t h a t  a n g l e s  w i t h  e q u a l  l e g s  a r e
g a u g e d  s u c h  t h a t  t h e  g auge  d i s t a n c e  an d  e d g e  d i s t a n c e  a r e
e q u a l  we h a v e
S a  3 . 0  y ( 5 . 4 )
S u b s t i t u t i o n  o f  t h i s  v a l u e  o f  S i n t o  E q u a t i o n  5 . 3  g i v e s  
/ u  «  4 . 8  y «  1 f o r  y <  0 . 6 9 k I n c h e s  ( 5 - 5 )
/  «  ( 4 . 8y ~ l )  ( 0 . 1 0  t* 0 . 625 \ f o r  y > 0 . 69k  I n c h e s  ( 5 . 6 )
y
T h e se  e q u a t i o n s  a r e  shown i n  F i g u r e  4 . 1 0  l a b e l l e d  S s  3 . 0  y 
T h i s  c u rv e  i s  n o t  v e r y  c l o s e  t o  C u rv e s  k . k  a n d * 4 . 8 a s  shown 
i n  t h e  f i g u r e .  By t r i a l  a n d  e r r o r  t h e  u s e  o f  S s  2 , 2 5  y 
l e a d s  t o
/ u  «  3 . 6  y - 1  F o r  y <  0 . 9 2 6 I n c h e s  ( 5 . 7 )
ffu 5  ( 3 . 6  y ~ r )  ( 0 . 1 0  + 0 . 8 3 3  ) F o r  y >  0 . 9 2 6  I n c h e s  ( 5 . 8 )
y
T h e se  c u r v e s  a r e  a l s o  shown i n  F i g u r e  4 . 1 0 ,  l a b e l l e d  
S 55 2 . 2 5  y ,  and  a r e  i n  f a i r  a g r e e m e n t  w i t h  E q u a t i o n  4 . 4  f o r  
v a l u e s  o f  edge  d i s t a n c e  u p  t o  a b o u t  1- 1 / 8  i n c h e s .  The b r e a k  
i n  t h e  c u r v e  c o r r e s p o n d s  w i t h  0 . 3 0  S S  d  a s  g i v e n  by W i n t e r .
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6.  0 LIMITING- BEARING VALUES 
As m entioned In Chapter 5 .0»  W inter s u g g e s t s  th a t  
h i s  r e s u l t s  f o r  end ty p e  f a i l u r e s  l e v e l  o f f  a t  a l i m i t i n g  
b e a r in g  s t r e s s  eq u a l t o  4 .9  t im e s  th e  y i e l d  s t r e s s .  As 
shown in  F ig u r e s  4 .3  and 4 .5  th e  an g le  c o n n e c t io n  t e s t s  
r e p o r te d  here  d id  not l e v e l  o f f  a t  a l i m i t i n g  v a lu e  o f  
b e a r in g  s t r e s s .  Such a l i m i t  had been expected? and th e  
range o f  end and edge d i s t a n c e s  used  was ex p ected  t o  produce  
t h i s  s t r e s s  but d id  n o t .  In  v iew  o f  t h i s  r e s u l t ,  or la c k  
o f  an exp ected  r e s u l t ,  th e  d e f i n i t i o n  o f  u l t im a te  b ea r in g  
s t r e s s  i s  open t o  q u e s t io n .
B earing s t r e s s  a t a b o l t ,  by d e f i n i t i o n ,  i s  g iv e n  by
Where P* ~ Load on t h e  b o l t  -* Lbs.
t  «  T h ick n ess  o f  th e  Connected M a te r ia l  «» In ch es  
d ~ B o lt  D iam eter -  In ch es  
Thus th e  r a t i o  o f  b e a r in g  s t r e s s  t o  y i e l d  s t r e s s  i s
crt ~  P 1 «  6
HgfJT t x d x o - y ~  y
T h is  e q u a tio n  i s  o f  th e  same form as  th e  f a i l u r e  formula
f o r  / y  excep t t h a t  th e  lo a d  i s  not n e c e s s a r i l y  th e  u l t im a te
lo a d  on th e  c o n n e c t io n  hence th e  use  o f  th e  prime marks in
P l and . T h is  r e l a t i o n s h i p  between and o^, in  f a c t ,
de term in ed  th e  form o f  $ a s  used  i n  t h i s  s tu d y . Thus in  a l l
v
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c a s e s  r e p o r t e d  h e r e i n  t h e  v a l u e  o f  i s  t h e  r a t i o  o f  
b e a r i n g  s t r e s s  t o  y i e l d  s t r e s s  a t  f a i l u r e  o f  t h e  t e s t  
c o n n e c t i o n .  A l s o ,  i n  F i g u r e s  3 .7»  3 . 8  a n d  3*9 t h e  r i g h t  
h a n d  s c a l e  shown i s  a s  d e f i n e d  a b o v e .
R e f e r e n c e  15 g i v e s  a l l o w a b l e  w o r k in g  t e n s i o n  i n  A .S .T .M .  
A-325  b o l t s  a s  4 0 , 0 0 0  P . S . I .  and  a l l o w a b l e  b e a r i n g  s t r e s s  
a s  1 . 3 5  <3y. As A .S .T .M .  A-325 b o l t s  h a v e  an  u l t i m a t e  t e n s i l e  
s t r e s s  o f  1 2 0 , 0 0 0  P . S . I . ,  T a b l e  1 . 2 ,  t h e  f a c t o r  o f  s a f e t y  i n  
t e n s i o n  on t h e s e  b o l t s  i s  3 .  IT  i t  i s  a s su m e d  t h a t  t h e  same 
f a c t o r  a p p l i e s  i n  b e a r i n g  t h e  u l t i m a t e  b e a r i n g  s t r e s s  i s
4 . 0 5  o r  0 . 8 3  t i m e s  t h e  u l t i m a t e  b e a r i n g  v a l u e  s u g g e s t e d
v
by W i n t e r .
I f  t h e  f a c t o r  o f  s a f e t y  I n c l u d e d  i n  R e f e r e n c e  15 i s  
a p p l i e d  t o  t h e  maximum b e a r i n g  s t r e s s  f o u n d  by W i n t e r  t h e  
f o l l o w i n g  r e s u l t s
<rb Max. a  4 . 9  <7y ( 6 . 1 )
F a c t o r  o f  s a f e t y  ~ 3
. Ov, a l l o w a b l e  «  4 . .9. ~  1 . 6 3  d*
3 y
As n o t e d  a b o v e ,  r e f e r e n c e  15 g i v e s  
A l l o w a b l e  2  1 . 3 5  01
F a c t o r  o f  s a f e t y  «  3
0^ Maximum a  1 . 3 5  x  3 Oy s  4 . 0 5  0^. ( 6 . 2 )
As a  com prom ise  v a l u e ,  t h e  a v e r a g e  o f  ( 6 . 1 )  and  ( 6 . 2 )  
g i v e s  a p p r o x i m a t e l y
Max. -  4 . 5  <r ( 6 . 3 )
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R e f e r e n c e  t o  T a b l e  3 . ?  shows t h a t  f o r  t h e  a v e r a g e  v a l u e s
o f  t a b u l a t e d ,  a v a l u e  o f  g r e a t e r  t h a n  4 . 5  was
e x c e e d e d  o n l y  w i t h  an  ed g e  a n d  en d  d i s t a n c e  c o m b i n a t i o n
g r e a t e r  t h a n  1 -1 /4 -  and  1 - 7 / 8  i n c h e s  r e s p e c t i v e l y .  R e f e r r i n g
t o  t h e  t e s t s  o f  F i g u r e s  3 . 7 ,  3*8  a n d  3*9 w h i c h  l i e  w i t h i n
t h i s  r a n g e  o f  e n d  an d  e d g e  d i s t a n c e s  t h e  r e s u l t s  a r e  o f
i n t e r e s t .  I n  F i g u r e  3 . 7  a  v a l u e  o f  / y *  e q u a l  t o  4 . 6  was
o b t a i n e d  w i t h  r e s i d u a l  h o l e  e l o n g a t i o n  o f  0 . 2 0 7  i n c h e s .
F o r  F i g u r e  3 . 8  l o a d i n g  was t e r m i n a t e d  by f a i l u r e  o f  t h e
s p e c i m e n  a t  a  v a l u e  o f  /  e q u a l  t o  4 . 3 6 .  I n  t h i s  c a s e  t h e
h o l e  e l o n g a t i o n  was i n  e x c e s s  o f  3 / 1 6  i n c h .  The s p e c im e n
*o f  F i g u r e  3 . 9  was l o a d e d  t o  g i v e  a  v a l u e  o f  py o f  3 . 5  and
r e s i d u a l  h o l e  e l o n g a t i o n  o f  0 .2 2 3  i n c h e s .
The com m entary  a p p e n d e d  t o  R e f e r e n c e  15 s t a t e s  " T e s t s  
h a v e  shown t h a t  b e a r i n g  p r e s s u r e  on r i v e t s  i n  d o u b l e  o r  
s i n g l e  s h e a r ,  co m p u ted  on t h e  b a s i s  o f  an  a r e a  e q u a l  t o  t h e  
p r o d u c t  o f  t h e  p a r t  t h i c k n e s s  a n d  n o m i n a l  r i v e t  d i a m e t e r  h a s  
no s i g n i f i c a n t  e f f e c t  on t h e  s t r e n g t h  o f  t h e  c o n n e c t e d  p a r t s  
o f  A7 s t e e l  when t h i s  p r e s s u r e  i s  n o t  more  t h a n  2 . 2 5  t i m e s  
t h e  t e n s i l e  s t r e s s  a p p l i e d  t o  t h e  n e t .  a r e a  o f  t h e s e  p a r t s . "
I n  F i g u r e s  3 .7 »  3 . 8  and  3 . 9  t h i s  s t a t e m e n t  i s  c o n f i r m e d  by 
t h e  e l o n g a t i o n s  o f  0 . 0 2 5 ,  ,0 .0 2 0  a n d  0 . 0 3 7  i n c h e s  r e s p e c t i v e l y  
a t  v a l u e s  o f  / y 1 e q u a l  t o  2 . 2 5 .  By c o m p a r i s o n ,  F i g u r e s  3*3 ,
3 . 4 ,  3 . 5  a n d  3 . 6  i n d i c a t e  t h a t ,  f o r  t h e  s t r a i n  g a u g e d  s p e c i m e n s ,  
y i e l d i n g  f i r s t  o c c u r r e d  a t  v a l u e s  o f  /  1 e q u a l  t o  0 . 6 2 9 ,  0 . 5 3 9 ,
v
0 . 6 7 0  and  O. 6 7 0  r e s p e c t i v e l y .  T h e s e  v a l u e s  a r e  w e l l  b e lo w  t h e
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v a l u e  2 . 2 5  g i v e n  a b o v e  an d  a s  q u o t e d  f r o m  t h e  com m en ta ry  
on R e f e r e n c e  1 5 .  I n  T a b l e  3 . 7  a  v a l u e  o f  g r e a t e r  t h a n  
2 . 2 5  i s  n o t  d e v e l o p e d  w i t h  e n d  a n d  ed g e  d i s t a n c e s  l e s s  t h a n  
one i n c h  and  3 / 4  i n c h  r e s p e c t i v e l y .
I n  P h o t o g r a p h  No. 15 p a i r s  o f  s p e c i m e n s  a r e  shown i n  
w h i c h  t h e  l e f t  h a n d  s p e c im e n  h a s  b e e n  l o a d e d  t o  f a i l u r e  
w h i l e  t h e  r i g h t  h a n d  one h a s  b e e n  u n l o a d e d  b e f o r e  f a i l u r e  
o c c u r r e d .  F o r  t h e s e  p a r t i c u l a r  t e s t s  t h e  f o l l o w i n g  d a t a  
a p p l i e s  t o  t h e  u n b r o k e n  s p e c i m e n s  o f  P h o t o g r a p h  No. 15
t a k e n  f ro m  l e f t  t o  r i g h t .
T e s t  No. Maximum P l / P  / v f H o le
__________  L oad  P*    y E l o n g a t i o n
800  1 1 , 3 7 0  1 . 1 1 2  2 . 8 0 7  0 . 0 2 5
803  1 4 , 5 0 0  0 . 9 5 0  3 . 6 6 4  0 . 0 2 4
808  1 4 , 3 3 0  0 . 7 4 3  3 . 4 4 0  0 . 1 5 4
813 1 7 , 5 0 0  0 . 8 6 6  3 . 1 4 ?  0 . 0 6 9
T h e s e  t e s t  r e s u l t s  i l l u s t r a t e  t h e  c a p a c i t y  o f  a n  a n g l e  
c o n n e c t i o n  t o  s u p p o r t  a l a r g e  p e r c e n t a g e  o f  i t s  u l t i m a t e  
l o a d  s u c c e s s f u l l y  w i t h  r e l a t i v e l y  s m a l l  d i s t o r t i o n  b e i n g  
c a u s e d  a t  t h e  b o l t  h o l e .  N o te  t h a t  f o r  T e s t  No. 800 t h e  
u n b r o k e n  s p e c im e n  was l o a d e d  t o  1 1 2 ^  o f  t h e  a v e r a g e  u l t i m a t e  
l o a d  o f  t h e  s p e c i m e n  a s  g i v e n  by t h e  o t h e r  two p i e c e s  o f  t h e  
same m a r k .
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7 .0  RELATIONSHIP BETWEEN jrfy AND ^
As d e v e l o p e d  h e r e i n  t h e  f a i l u r e  f u n c t i o n  $  c an  be  
p r e d i c t e d  by u s e  o f  e i t h e r  t h e  y i e l d  s t r e s s  o r  t h e  u l t i m a t e  
t e n s i l e  s t r e s s  o f  t h e  s p e c i m e n .  By e q u a t i n g  p r e d i c t e d  u l t i m a t e  
l o a d  a  r e l a t i o n s h i p  b e tw e e n  c^. an d  Ot r e s u l t s ,  a s  f o l l o w s ,  
t a k i n g  end  f a i l u r e s  a s  an  ex am p le .
a  2 . 0 1 1  x  + 0 . 3 7 ^  *  ?  (* f . l )
d  x  t  x  <T
y
s  l . W  X f  0 . 2 6 8  e  P ( ^ . 3 )
d x t  x
E q u a t i n g  v a l u e s  o f  u l t i m a t e  l o a d  P g i v e s
OJ. ( 2 . 0 1 1  x  *  0 .37* ')  «  cr ( l . W  X 4- 0 . 2 6 8 )
o r
° v„  2  l.Llj-7 x * 0 .2 6 8  ( 7 . 1 )
2 . 0 1 1  x *  0.37*-
S u b s t i t u t i o n  o f  v a l u e s  o f  end d i s t a n c e  x  i n t o  t h i s  
e q u a t i o n  g i v e s  an  a v e r a g e  v a l u e  o f  t h e  r a t i o  o f  (T t o  
o f  a b o u t  0 . 7 2 .
S i m i l a r l y ,  f o r  an d  ^  a s  f u n c t i o n s  o f  ed g e  d i s t a n c e  yy u
t h i s  r a t i o  a v e r a g e s  o u t  a t  v e r y  n e a r l y  t h e  same f i g u r e .
R e f e r e n c e  t o  T a b le  1 . 1  f o r  t y p i c a l  s t e e l s  u s e d  i n  to w e r  
s t r u c t u r e s  i n d i c a t e s  t h a t  f o r  t h e s e  s t e e l s  t h e  a v e r a g e  v a l u e  
o f  t h e  r a t i o  G ^ /o ^  i s  O'.,6i£5 f o r  t h e  p h y s i c a l  p r o p e r t i e s  a s  
s p e c i f i e d .
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R e f e r e n c e  t o  T a b l e s  2 . 1  t o  2 . 6  i n c l u s i v e  f o r  t h e  a c t u a l  
s t e e l s  u s e d  i n  t h e s e  t e s t s  g i v e s  a s  0 . ? 1 8 .  T h i s  i s  t h e
mean v a l u e  o f  ?8  v a l u e s .  Th u s  t h e  d e r i v e d  e q u a t i o n s  f o r  t h e  
f a i l u r e  f u n c t i o n s  a n d  /  g i v e  r a t i o s  o f  y i e l d  s t r e s s  t o
v VI
u l t i m a t e  s t r e s s  e q u a l  t o  t h o s e  f o u n d  f ro m  t h e  t e n s i l e  t e s t  
c o u p o n s  o f  t h e s e  s t e e l s ,  b u t  h i g h e r  t h a n  t h e  r a t i o s  d e r i v e d  
f ro m  t h e  s p e c i f i c a t i o n s  f o r  t h e  same s t e e l s .
I n  v i e w  o f  t h e s e  r a t i o s ,  f o r  a  g i v e n  c o n n e c t i o n ,  i f  t h e  
u l t i m a t e  l o a d  i s  p r e d i c a t e d  b a s e d  on t h e  f o r m u l a e  d e r i v e d  
h e r e i n  a n d  u s i n g  s p e c i f i e d  p h y s i c a l  p r o p e r t i e s  o f  t h e  s t e e l  
t h e  v a l u e s  d e r i v e d  f rom  w i l l  be  l e s s  t h a n  t h o s e  d e r i v e d  
f ro m  fS a n d  w i l l  be  on t h e  c o n s e r v a t i v e  s i d e .  T h i s  r e s u l t  
i s  v e r y  c o n v e n i e n t  i n  I n d u s t r y  a s  m ost  s p e c i f i c a t i o n s  f o r  
t o w e r  s t r u c t u r e s  a s  w e l l  a s  t h o s e  c o v e r i n g  b u i l d i n g ^  and  b r i d g e s  
r e l a t e  a l l o w a b l e  w o r k i n g  s t r e s s e s  t o  y i e l d  s t r e n g t h .
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8 , 0  MULTI-BOLT CONNECTIONS
The a p p l i c a t i o n  o f  t h e  r e s u l t s  r e p o r t e d  h e r e  t o  M u l t i -  
B o l t  C o n n e c t i o n s  r e q u i r e s  f u r t h e r  s t u d y  a n d  t e s t i n g  b u t  two 
p o i n t s  a p p e a r  r e a s o n a b l e .  I n  an  a n g l e  c o n n e c t i o n  w i t h  two 
b o l t s  on one g a u g e  l i n e  i n  one  l e g  o f  t h e  a n g l e  o n l y ,  i t  i s  
e x p e c t e d  t h a t  t h e  b o l t  n e a r e s t  t h e  en d  o f  t h e  a n g l e  w i l l  
d e v e l o p  l o a d  a s  p r e d i c t e d  by t h e  f o r m u l a e  g i v e n  h e r e i n  w i t h  
e i t h e r  end o r  e d g e  t y p e  f a i l u r e  d e p e n d i n g  u p o n  t h e  d e t a i l  
d i m e n s i o n s  i n v o l v e d .  At t h e  s e c o n d  b o l t  i t  i s  e x p e c t e d  t h a t  
t h e  maximum l o a d  d e v e l o p e d  w i l l  be  a  f u n c t i o n  o f  e d g e  
d i s t a n c e  o n l y .  The  i n t e r - a c t i o n  o f  t h e  tw o  b o l t s  c o u l d  be 
q u i t e  c o m p l i c a t e d .  O b v i o u s l y ,  w i t h  a  s m a l l  ed g e  d i s t a n c e  
f a i l u r e  a t  t h e  b o l t  r em o v ed  f ro m  t h e  e n d  w o u ld  o c c u r  b e f o r e  
t h e  e n d  b o l t  c o u l d  d e v e l o p  i t s  f u l l  l o a d .  C o n v e r s e l y ,  w i t h  
a  s h o r t  end  d i s t a n c e  a t  t h e  en d  b o l t  t h i s  b o l t  c o u l d  f a i l  
t h r o u g h  t h e  end  l e a d i n g  t o  o v e r l o a d i n g  o f  t h e  s e c o n d  b o l t .
As i n d i c a t e d  a b o v e  t h e  u l t i m a t e  c a p a c i t y  o f  M u l t i - B o l t  
C o n n e c t i o n s  r e q u i r e s  f u r t h e r  s t u d y  b e f o r e  t h e  r e s u l t s  g i v e n  
h e r e  can  be a p p l i e d  w i t h  a r e a s o n a b l e  d e g r e e  o f  c o n f i d e n c e .
41
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9 . 0  VARIATIONS IN BOLT DIAMETER
As s t a t e d  e a r l i e r ,  m os t  t o w e r  s t r u c t u r e s  a r e  b u i l t  w i t h  
5 / 8  i n c h  d i a m e t e r  b o l t s  i n  l l / l 6  i n c h  d i a m e t e r  h o l e s .  T h i s  
f a c t  d i c t a t e d  t h e  b o l t  d i a m e t e r  u s e d  i n  t h e s e  t e s t s .  I t  
s h o u l d  be  n o t e d ,  h o w e v e r ,  t h a t  t e s t i n g  w i t h  b o l t s  o f  o t h e r  
d i a m e t e r s  was  n o t  c o v e r e d .  I n  v ie w  o f  t h i s  t h e  f a i l u r e  
f o r m u l a e  s h o u l d  n o t  be  a p p l i e d  t o  c o n n e c t i o n s  u s i n g  o t h e r  
s i z e s  o f  b o l t s  w i t h o u t  f u r t h e r  t e s t i n g  a n d  r e v i e w  o f  t h e s e  
r e s u l t s .
ii rt
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1 0 .0  CONCLUSIONS
B a s e d  on t h e  r e s u l t s  o f  721 s i n g l e  a n g l e  s i n g l e  b o l t e d  
c o n n e c t i o n s , u s i n g  5 / 8  i n c h  d i a m e t e r  b o l t s ,  t h e  f o l l o w i n g  
c o n c l u s i o n s  ca n  b e  r e a c h e d .
1 .  F a i l u r e  t h r o u g h  e i t h e r  t h e  end o r  edge  i s  a  
d i s t i n c t  f u n c t i o n  o f  end  an d  ed g e  d i s t a n c e  an d  can  
b e  p r e d i c t e d  f rom  F i g u r e s  3*1 o r  4 . 1 1 .
2. F o r  end  t y p e  f a i l u r e s  t h e  u l t i m a t e  l o a d  i s  r e a s o n ­
a b l y  g i v e n  by
P »  5 / 8  x  t  x  (Ty ( 2 .0 1 1  x  *  0 . 2 7 9 )
Where x  »  End d i s t a n c e  i n  i n c h e s
t  -  T h i c k n e s s  o f  a n g l e  i n  i n c h e s
3 .  F o r  e d g e  t y p e  f a i l u r e s  t h e  u l t i m a t e  l o a d  i s  r e a s o n ­
a b l y  g i v e n  by
P s  5 / 8  x t  x. o* ( 4 . 0 2 4  y -  0 . 9 0 1 )
Where y -  Edge d i s t a n c e  i n  i n c h e s
t  w T h i c k n e s s  o f  a n g l e  i n  i n c h e s
4 .  F a i l u r e  i n  b e a r i n g  o c c u r s  a t  a n o m i n a l  b e a r i n g  s t r e s s  
e q u a l  t o  4 . 5  t i m e s  t h e  y i e l d  s t r e s s .
5 .  B e a r i n g  s t r e s s e s  e q u a l  t o  2 . 2 5  t i m e s  t h e  y i e l d  s t r e s s
can  p r o d u c e  i n s i g n i f i c a n t  h o l e  e l o n g a t i o n  d e p e n d i n g
upon  end  a n d  edge  d i s t a n c e .
6 .  B e a r i n g  s t r e s s e s  e q u a l  t o  2 . 2 5  t i m e s  t h e  y i e l d  s t r e s s
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c a n n o t  be  d e v e l o p e d  w i t h  end  d i s t a n c e s  l e s s  t h a n  
one i n c h  o r  edge  d i s t a n c e  l e s s  t h a n  5 / 8  i n c h .
7 .  The d e v e l o p m e n t  o f  l o c a l  s t r e s s e s  i n  t h e  i m m e d i a t e  
n e i g h b o u r h o o d  o f  t h e  h o l e ,  e q u a l  t o  o r  g r e a t e r  t h a n  
t h e  y i e l d  s t r e s s  i s  n o t  a  r e a s o n a b l e  i n d i c a t i o n  o f  
a p p r o a c h i n g  f a i l u r e  o f  t h e  c o n n e c t i o n .
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END PORTION OF A SINGLE ANGLE MEMBER
FIGURE 1.1




DETAIL OF TEST SPECIMEN
FIGURE 2.1
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(1) t s THICKNESS OF ORIGINAL ANGLE SECTION
(2) THE EDGES OF THE REDUCED SECTION SHALL 
BE PARALLEL WITHIN 0 .0 0 5 "AND MAY HAVE
A GRADUAL TAPER IN WIDTH FROM THE ENDS 
TOWARD THE CENTRE, WITH THE ENDS NOT 
MORE THAN 0.005" WIDER THAN THE CENTRE.
(3) THE ENDS OF THE SPECIMEN SHALL BE SYMMETRICAL 
WITH THE CENTRE LINE OF THE REDUCED SECTION 
WITHIN 0.05"
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LOCATIONS OF STRAIN GAUGES
"FIGURE 2 e h










40 0 0 -
3 6 2 0  lb.
3 0 0 0 -
2000-
p 3 620  x IQ6 
L" 0.07626x1600 = 29.668 x 10 psi
AREA OF SPECIMEN = 0 .07626 in.
1000-
40003000200010000
STRAIN x I0 6 -  INCHES/INCH
LOAD-STRAIN CURVE FOR TENSION
TEST SPECIMEN #719
Yie ld  S t r e s s  = 3620
0 .07626
U lt im ate  S t r e s s  -  5^85
- 0o0762'6
= A-7,A69 # / S i n G 
= 71 ,925  # /Sq .  In .
FIGURE 3.1









4 00 0 -
3 6 0 0  lb.
300 0 -
2000 -
E * (l4 5 oho7TiO-6 = 29.489xl06psi
AREA OF SPECIMEN -  0 .0 8 0 8  in?1000-
40003000200010000
S T R A I N  xIO6-  INCHES/INCH
LOAD-STRAIN CURVE FOR TENSION
TEST SPECIMEN #73^
Y ie ld  S t r e s s 3600
O o O S '08
U lt im a te  S t r e s s  = 5720
OoOBoy
= b k t SS^  # /S q .  In .  
= 70,792 # / S q .  In .
FIGURE 3 .2
































l -  I0H co




,  c *  /
'  /  r /
*> /  /to /  n '
• /  /







50003 0 0 0  400 0







































YIELD STRESS 4 7 ,  5 0 0  psi
/ .
y  , /
4 ' /  / ’/ '  /
/  /^  ULTIMATE LOAD 11,100 lb.
/ /  ^
D A*''"
 ^ /// // /  /
/  /  S *
/  * /
— i  ------- 1  — " »     "t  r ~ —1 1 i— —   —T"    1 ■"■■■i—
1000 2000 3000 4000 5000 6000 7000 6000
APPLIED L O A D - L B S .




































YIELD STRESS 4 4 , 5 5 0 p  s I.
/
<o /
* 7  ' • *  / £
A/  / °  >/  /  /
/
/ //
/ ' /  ,/  /  A  ULTIMATE LOAD I
■ > * / •  /
/ . /  / ■
1600 2000 3000 4000 5 0 0 0
A P P L I E D  L O A D  -  LBS.
STRESS vs CONNECTION LOAD FOR TEST NO. 73^-C
Q
1,250 lb.






9  oIO • z<0
CO 1-_J Cr>LlJ
1 *~
O i-i cc o  5  oo  <  u_
O
-> § vOo •_J
o
_  z UJo  UJ O aiO M r>
2  -J «~ CDW Q. °  “• UJ i—iu_0- :z
<  Soo
8  £oN 00COUJ
aI—CO
3‘Ni/sai £_oi  ^3 9nv9 iv s s a a i s





































L  2 ^  x 2 x - |  A36
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FIGURE 3 . 7
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7 0 *
MAXIMUM LOAD APPLIED 2 9 ,7 0 0  lb.
37 50
3.5
T E S T  N2 3 6 7 - 4
L  A 362 2 4
ffy = 5 4 , 2 2 0  psi
END DIST. ~ 2 







E L ONGAT I ON x 10-INCHES
FIGURE 3 .9
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RELATIONSHIP BETWEEN 0 y AND END DISTANCE FOR END FAILURE































































































































































































RELATIONSHIP BETWEEN 0 AND END DISTANCE
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RELATIONSHIP BETWEEN 0 U AND EDGE DISTANCE IN THE 
RANGE OF EDGE FAILURES
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STANDARD TOWER BOLTS
UNIT TENSILE STRENGTH -  6 0 ,0 0 0  P . S . I .  ( l )
UNIT SHEAR STRENGTH
THROUGH THREADS «  ij-5,000 P .  S. I .  ( l )
UNIT SHEAR STRENGTH
THROUGH SHANK «  3 ^ ,0 0 0  -  3 7 ,2 0 0  P . S . I .
HIGH STRENGTH BOLTS 
UNIT TENSILE STRENGTH -  1 2 0 ,0 0 0  P . S . I .  (2 )
NOTE:
( 1 )  As P e r  A .S .T .M . S p e c i f i c a t i o n  A39^> R e f e r e n c e  10
(2 )  As P e r  A .S .T .M . S p e c i f i c a t i o n  A325 ,  R e f e r e n c e  11
PROPERTIES OF BOLTS USED IN TOWER STRUCTURES
TABLE 1 . 2
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TEST RESULTS BCR TENSIO N COUPONS





Y ield  
Load S tress
TJlt. T en sile  
Load S tress
Ll-jxl{rxl/8 G^ O. 4 21 0.502 0.140 3 ,100 44,100 4,280 60,900
L l-3 /4 x l-3 /4 x l/8 G40. 4 30 0.501 0.139 3 ,840 55,200 4 ,710 67,650
L2 x 2 x 1 /8 C r k O . b 39 0.500 0.144 3 ,5 8 0 49,740 4,800 66,650
L2^x2|x 1 /8 G b O . b 51 0.503 0.136 3 ,280 47,960 4 ,400 64,350
Ll-g x  l |-  x  3 /16 Gbo.k 26 0.496 0.206 4 ,?70 46,700 6,480 63,400
1 1-3 /4 x 1 -3 /4 x 3 / l 6 G b o . b 35 0.505 0.194 4 ,480 45,750 5,975 61,050
L2 x 2 x 3 / l 6 G k O . b 45 0.505 0.184 4 ,630 49,820 6,310 67,950
L2^x2h x 3 /16 g4o. 4 55 O.506 0.193 5 ,100 52,200 6,730 68,900
L2v,x2 -^ x l / 4 G40. 4 59 0.510 ' 0.259 5,975 45,250 8 ,550 64,750
Ll-^xli x 1 /8
i
G b o .6 23 0 . 50 b 0.141 4 ,050 57,000 5,910 83,200
L l-3 /4 x l-3 /4 x l/8 G4 0.6 32 0.4q 6 0.148 4 ,280 53,300 6,110 33,300
L 2 x 2 x 1 /3 G4C.6 b 2 0.505 0.138 4 ,450 63,900 6,070 87,150
L2sx2* x 1 /8 G40.6 53 0.491 0.130 4 ,160 65,200 5,690 89,100
Lljxl^- x 3 /16 G40.6 28 0.495 0.205 6,360 62,720 8 ,700 85,750
L l-3  /  4 x l-3 /4 x 3 /lo G40.6 3? 0.506 0. ?.o6 6,150 59,000 8 ,750 83,900
L 2 x 2 x 3 / l6 G4Q.6 4? 0.509 0.194 6 ,350 64,350 8,600 87,150
TABLE 3 .1
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TEST RESULTS ?0P. T51TSI0N COUFOaS 
S ection  Kat‘1. Test Dimensions Y ield  U lt . T en sile
wo. Width Thick-
Ness
Load S tress Losd Stress
s  l / 8 G40.4 105
to  107
0.492 0.121 3 .120 52,450 4 ,2 8 0 71,900
L ljx l*  x 3 /16 G40.4 108 0.491 0.194 4,740 49,800 6,580 69,130
1 1 -3 /4 x i - 3 /4 x l /8 g4 q.4 111 
to  119
0.501 0.131 3 ,590 54,720 4 ,$60 74,050
1 1 -3 /4 x l - 3 /4  x 3 /16 120 
to  122
0.499 0.186 4 ,120 44,400 5,750 61,970
12 x  2 x  l / 8 G40.4 123 
to  133
0.496 0.142 3 ,500 49,720 4 ,9 5 0 70,300
12 x 2 x 3 /16 G40.4 134 
to  140
0.503 0.177 4,730 5 3 ,io o 6,200 69,700
12-| x 2-| x l / 8 G40.4 141
142
0.500 0.139 3 ,690 5 3 ,io o 4 ,7 9 0 68,950
12y x 4  x 3 /16 g4 o.4 143
to l4 5
0.497 0.200 5,020 50,500 6 ,840 68,850
1 2 j  x 2-^ - x 1 /4 G40.4 146 
to  148
0.512 0.266 7,150 52,500 9 ,2?0 68,100
L1&C1# x 1 /8 G40.6 195 
to  197
0.494 0.122 3 .850 63,900 5 ,540 91,950
1 1 -3 /4 x 1 -3 /4  x  1 /8  g4 o. 6 198 
to  206
0.496 0.132 4 ,180 63,900 5 ,990 91,500
1 1 -3 /4 x 1 -3 /4 x 1 /8 g4 0 .6 n 0.489 0.134 4 ,240 64,750 6,200 94,700
12 x 2 x 1 /8 G40,6 207 
to  217
0.494 0.135 4 ,160 62,400 5 ,750 86,250
12 x 2 x 3 /16 G40.6 218 
to  224
0.500 0.190 6,100 64,250 8,625 90,800
!2tx2 irx l/8 (340.6 225
226
0.499 0.131 4,4-80 68,550 6,100 93,300
12^x2-4x3/16 G4o .6 227 
to  229
0.507 0.184 6,150 66,000 8 ,440 90,500
L2-ix2£x3/l6 G40.6 tt 0.4935 0.188 6,280 67,650 8 ,280 89,250
13 x 2?r x  1 /4
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TEST RESULTS TOP. TBWSIOn COUPONS













L l-3 /iix l-3 /L x l/8 A3 6 300 0.502 0.134 3,140 46,700 4 ,850 72,100
L2 x  2 x 1 /8 A36 300 0.512 0.128 3,520 53,750 5.040 76,900
L2-|-x2 |x l / 8 A36 300 0.513 0.123 3,100 47,250 4,490 68,400
Llvj-xl-;; X 3 /16 A36 300 0.508 0.189 4,420 * 0 CO 0 6,530 68,100
L l-3 / iix l-3 /4 x 3 /l6 A36 300 0.497 0.183 4,350 47,850 6,150 67,670
L2 x 2 x 3 / l6 A36 300 0.493 0.184 4,330 47,700 5 ,990 66,100
L2*x2 |x 3 /16 A3 6 300 0.503 0.200 5,550 55,200 7,350 73,100
L2 x  2 x  l / 4 A36 300 0.508 0.250 6,130 48,280 8 ,540 67,250
L £ x2^ x 1/4 A3 6 300 0.510 0.242 6,690 54,220 8 ,950 72,520
1 3 x 3 x 1 / 4 A36 300 0*504 0.262 6,270 47,500 9,130 69,150
TABLE 3 .3
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i
T35T D^SUITS ?0P. T3IISI0N COUPONS 
Section  Mat*!. Test Dimensions Y ield U lt .T e n s ile
SeriesWidth. Thick-
ITess
Load S tress Load S tress
L 2 x 2 x  1/8 HB60 400 0.508 0.135 4,400 64,200 6,440 94,000
L 2 x 2 x  l / 8 pb6o 400 0.490 0.139 4,175 61,300 6,800 99,800
12&s2| x 1 /8 640.8 400 0.511 0.139 3,350 47,170 4 ,670 65,750
L l-3  /  ■' fx l-3  /  4*3 /1  o 640.8 400 0.491 0.194 4,700 49,350 6,740 70,800
L 2 x 2 x 3 /16 SB60 400 0.498 0.193 6,710 69,800 8 ,560 89,050
L2j-x2^x 3 /16 640.6 400 0.490 C. 200 5,260 53,650 8,350 85,200
L2irx2i- x 3 /16 e 4 o .6 400 0.5006 0.204 6,175 60,500 8,970 87,850
L 3 x 2 x l / 4 640.12 400 0.489 0.268 6,500 49,620 9 ,175 ?0,0?0
L2gx2| x l / 4 640.8 400 0.503 0.274 6,570 47,200 9,380 67,400
L2£-x2j  x l / 4 640.8 40 0 0.5075 0.263 6,350 47,600 8 ,990 67,400
L 3 x 3 x  l/f f HB60 400 0.4933 0.2584 9,170 72,050 11,180 87,900
L2& x 2 |  x 3 /16 640.6 400 0.498 0.201 6,160 61,530 9,050 90,450
1 2 }  x 2^ x 1 /4 G40.8 400 0.510 0.268 6,650 48,670 9,220 67,450
L 2 l  x 2^ x  3/16 G40.6 400 0.4983 0.202 6,025 59,900 9,000 89,420
1 2-J x 2 |  x 3 /16 640.6 400 Average Values' - 58,395 - 88,230
1 2 t x 2 |  z  1 /4 640.8 400 Average Values 47,400 — 67,400
TABL5 3 .4
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L l-3 /4 x l-3 /4  x l /8 A36 500 0.495 0.134 2,995 45,160 4,520 68,180
L2-|x2£r x l / 6 A36 500 0.503 0.134 3 ,450 51,200 4 ,600 68,300
L 2 x 2 x 3 / l6 A3 6 500 O.5 OI5 0.133 4,470 48,710 6,495 70,800
L2jx2j x 3/16 A36 500 0.503 0.183 3 ,970 43,110 5,955 64,750
L 2 x 2 x 1/4 A 36 500 0.4996 0.245 6 ,075 49,670 8 ,5 1 0 69,550
L2|;x2| x 1 /4 A3 6 500 0.4932 0.2588 6,580 51,500 9,520 74,500
L2 x 2 x 1 /8 RB60 600 0.5038 0 . 136 4,870 71, 050 5 ,970 87,350
L2-|x2?j x 1 /8 G4o. 8 600 0 . 4 9 9 0.1333 2,965 *4, 550 4,195 63,000
L2fx 2. X 3/16 SS60 600 0.4973 0.200 6,120 61, 500 8,140 81,740
L2£x2§ X 3/16 040,6 600 0.5021 0.200 5,490 cr/r.^ I 750 8,380 •83,650




L3x2£ x 1 /4 G40.12 6 00 . 0.5021 c. 2650 7 ,020 52, 750 10,110 76,000
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Section
L2 x 2 x 1 /8  
L 3 x 3 x l / 4  
x 1 /4  
13 x 2 l  x l / 4
12 x 2 x 1 /8  
L 2 x  2 x 1/8  
L 2 x 2 x l / ’8 
12 x 2 x  l / 8
1 2 x 2 x 1 / 8  
* This m aterial i
1 1 -3 /4x1 -3 /4x1 /3
L2 x 2 x  l / 8  
L2fx2£ x  1/8  
L 1 - 3 /^ 1 - 3 / - x3/1d 
1 2 x 2 x 3 / lo  
L 2 |x 2 | x  3 /16
Mat’ l . Test Dimensions Y ield U it . T en sile
No. Width Thick—
Ness
Load S tress Load Stress
RB60 494 0.490 0.139 4,175 61,300 6 ,800 99,800
BB60 175 0.493 0.258 9,170 72,050 11,180 87,900
A3 6 522 0.493 0.259 6,580 51,500 9 ,520 74,500
G40.12 622 0.502 o. 265 7,020 52,750 10,110 76,000
eb6o 701 0.491 0.133 3,200 49,000 4,180 64,000
BBoO 702 0.1-89 0.134 3,090 47,200 4,230 64,600
EBoO 703 0.492 0.134 3,220 48,850 4 ,310 65,400




s ly  not BBoO S tee l
- 4-8,600 - 65,275
A3 6 800-
801





ccco 0.495 0.130 3,260 50,660 4 ,660 72,416
,A36
-§8fc
0.490 0.130 3,400 53,375 4,520 70,958
A3 6 - I l £ 0.492 0.186 4,800 52,452 6 ,860 74,963
A3 6 812
-813
0.498 0.183 4,320 47,403 6 ,240 68,471
A36 81*1
-818
0.499 0.190 4,860 51,260 6,820 71,933
TABLE- 3 .6  ■
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1949
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1951
VITA AUCTORIS
G eorge  R e n n ie  S i n c l a i r  b o r n  O c to b e r  1 5 ,  W in d s o r ,  
O n t a r i o ,  C anada .
G r a d u a te d  from  K in g  G eorge  P u b l i c  S c h o o l ,
W in d so r ,  O n t a r i o ,  C an ad a .
G r a d u a te d  i n  A r c h i t e c t u r a l  D r a f t i n g  f rom  W in d s o r -  
W a l k e r v i l l e  V o c a t i o n a l  S c h o o l ,  W in d so r ,  O n t a r i o ,  
C an a d a .
A p r i l ,  e n t e r e d  em ploym ent i n  t h e  D r a f t i n g  O f f i c e  
o f  C a n a d ia n  B r id g e  Company, W a l k e r v i l l e , O n t a r i o ,  
C an a d a .
F e b r u a r y  1 0 ,  e n l i s t e d  I n  t h e  R o y a l  C a n a d ia n  A i r  
F o r c e .  D ecem ber 7 ,  h o n o u r a b l y  d i s c h a r g e d  fro m  
t h e  R o y a l  C a n a d ia n  A i r  F o r c e  a s  e x c e s s  a i r c r e w .
J a n u a r y  8 ,  e n l i s t e d  In  t h e  C a n a d ia n  Army.
J u n e  6 ,  h o n o u r a b ly  d i s c h a r g e d  f ro m  The C a n a d ia n  
Army, on d e m o b i l i z a t i o n .
G r a d u a te d  f ro m  V e t e r a n ' s  R e h a b i l i t a t i o n  S c h o o l ,  
W in d so r ,  O n t a r i o ,  C an ad a  w i t h  S e n i o r  M a t r i c u l a t i o n
S e p te m b e r ,  e n t e r e d  t h e  F a c u l t y  o f  A p p l i e d  S c i e n c e ,  
Q u e e n 's  U n i v e r s i t y ,  K i n g s to n ,  O n t a r i o ,  C a n a d a .
G r a n te d  t h e  S c i e n c e  *46 M e m o r ia l  S c h o l a r s h i p  f o r  
F i r s t  Y e a r  S c i e n c e ,  Q ueen*s U n i v e r s i t y .
G r a n te d  t h e  W. P. W i lg a r  M e m o r ia l  S c h o l a r s h i p  f o r  
S eco n d  Y e a r  S c i e n c e ,  Q u e e n 's  U n i v e r s i t y .
G r a n te d  t h e  W. W. N e a r  S c h o l a r s h i p  i n  C i v i l  
E n g i n e e r i n g ,  Q u e e n 's  U n i v e r s i t y .
G r a n te d  B a c h e lo r  o f  S c i e n c e  D e g r e e ,  w i t h  h o n o u r s ,  
i n  C i v i l  E n g i n e e r i n g  by Q ueen*s  U n i v e r s i t y ,  K in g s t  
O n t a r i o ,  C anada .
G r a n te d  t h e  B ronze  M edal f o r  f i r s t  p l a c e  s t a n d i n g  
i n  C i v i l  E n g i n e e r i n g  by Q u e e n 's  U n i v e r s i t y .
A w arded an A th lo n e  F e l l o w s h i p  f o r  t h e  s t u d y  o f  
C o n c r e t e  T e c h n o lo g y ,  i n  t h e  U n i t e d  Kingdom by t h e  
U n i t e d  Kingdom G o v ern m en t.
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1951  S e p te m b e r ,  e n t e r e d  t h e  C i v i l  E n g i n e e r i n g  D e p a r tm e n t
o f  C i t y  a n d  G u i ld s  C o l l e g e ,  I m p e r i a l  C o l l e g e ,  
U n i v e r s i t y  o f  L o n d o n , L ondon, E n g la n d .
1953 S e p te m b e r ,  e n t e r e d  em ploym ent i n  t h e  E n g i n e e r i n g
D e s ig n  O f f i c e  o f  C a n a d ia n  B r id g e  Company, 
W a l k e r v i l l e ,  O n t a r i o ,  C anada .
1958  A p p o in te d  Tower E n g i n e e r  i n  t h e  E n g in e e r in g
D e p a r tm e n t  o f  C a n a d ia n  B r id g e  Company, W a l k e r v i l l e ,  
O n t a r i o ,  C anada .
1 9 65 A p p o in te d  C h ie f  E n g i n e e r ,  D osco I n d u s t r i e s  L i m i t e d ,
C a n a d ia n  B r id g e  D i v i s i o n ,  W a l k e r v i l l e ,  O n t a r i o ,  
C anada .
T e c h n i c a l  S o c i e t i e s
Member o f  t h e  A s s o c i a t i o n  o f  P r o f e s s i o n a l  E n g in e e r s  
o f  O n t a r i o .
Member o f  t h e  E n g i n e e r i n g  I n s t i t u t e  o f  C an ad a .
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